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CHANGE LOG
DATE SECTIONS CHANGED REASON FOR REVISION
CHANGE
8/14/13 Section 6.1.1 Update Version 3.5
* Added type “PRC” to list of RDR products for filename
field “prodid”.
Appendix A
* Added keyword SUN_VIEW_DIRECTION.
Appendix F

* Added description for keyword
SUN_VIEW_DIRECTION.

9/14/13 | Section 4.2.4.2 Update Version 3.5
* Added text updating NavMap EDR description.
Section 5.2.1.9
* Added text clarifying the meaning of DN “0” in Arm
Reachability products.
Section 5.4
* Added text introducing concept of “shared” PDS label
for four Mosaic files, with reference to new Appendix
example.
Appendix B
* Added this Appendix as example Mosaic RDR
detached PDS label.

3/2/14 Sections 5.2.1.5 & 5.3.1 & 6.1.1 Update Version 3.5
* Added “RNM" and as 3-char RDR product type.
8/13/14 Section 1.3 Update Version 3.5

¢ Added “MER ICER User Guide” as reference.

Sections 5.2.1.5 & 5.3.1 & 6.1.1
* Added “ZZ0” and as 3-char RDR product type.

Section 5.2.1.4.1
* Added this new section to describe Rover Mask RDR.

Appendix A
* Updated columns for Mosaics to be “p” for keyword
PRODUCT_VERSION_ID to reflect “only present in
detached PDS labels”.
* Added Object “CCAM_SOH_EDR_ANCILLARY” to
Chemcam EDR label.
* Added STEREO_BASELINE as Ops keyword.

Appendix D
* Updated “CCAM_SOH_ANCIALLARY” FMT file.
* Added “CCAM_SOH_EDR_ANCIALLARY” FMT file.

Appendix F

* Updated definition for keyword
PRODUCT_VERSION_ID.

» Updated definition for keywords
INST_CMPRS_SEGMENT_QUALITY and
INST_CMPRS_SEGMENT_STATUS.

» Added keyword STEREO_BASELINE.
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DATE SECTIONS CHANGED REASON FOR REVISION
CHANGE
Appendix G
* Added keyword STEREO_BASELINE.
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1. INTRODUCTION

1.1 Purpose and Scope

The purpose of this Data Product Software Interface Specification (SIS) is to provide consumers of
MSL instrument Experiment Data Record (EDR) and Reduced Data Record (RDR) data products with
a detailed description of the products and how they are generated, including data sources and
destinations. Content in this document supports EDR and RDR data products generated by the
Operations Product Generation Subsystem (OPGS) for the following instruments:

* Engineering Camera instrument suite:
a. Navigation Cameras (Navcams)
b. Hazard Avoidance Cameras (Hazcams)

* Chemistry Camera (ChemCam) instrument suite:
a. Remote Micro-imager (RMI) camera
b. Laser-Induced Breakdown Spectrometer (LIBS)

Note: The non-imaging LIBS instrument is included in this SIS because ChemCam science
activities intertwine RMI imaging with LIBS spectra acquisition in the same general
timeline. RMI imaging provides geomorphological context to the LIBS data. As a
result, a portion of each instrument’s data product metadata is common in context with
the other, and it is convenient to describe all here in a single document.

Note: The ChemCam EDR data processing also includes extraction of specific state-of-health
(SOH) metadata into a separate EDR.

* Malin Space Science Systems (MSSS) instrument suite:
a. Mast Camera (Mastcam)
b. Mars Hand Lens Imager (MAHLI)
c. Mars Descent Imager (MARDI)

Note: For convenience, the above instruments are often referred to in triplet as “MMM”.

The users for whom this SIS is intended include OPGS, the Activity Planning and Sequencing
Subsystem (APSS), users and developers of Science Operations Analysis Software (SOAS), member
scientists of the project’s Science Operations Working Group (SOWG) who will analyze the data, and
other scientists in the general planetary science community.

In this document, the EDR data product is the raw, uncalibrated, uncorrected image data acquired by
the MSL instrument. It may include decompression if there was data product compression performed
onboard the rover by the instrument. Within the group of camera instruments, the full frame image
EDR data products are identical in format, except for some product label differences. The LIBS
spectrum EDR is of a different format than the image EDR, with a portion of the product label identical
in label items to the image product.

The RDR data products described in this document are limited to camera instruments only, and are
derived directly from one or more image EDR or image RDR data product(s). They are comprised of
radiometrically decalibrated and/or camera model corrected and/or geometrically altered (including
reprojected) versions of the raw camera data.
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1.2 Contents

This Data Product SIS describes how the EDR data product is acquired by the MSL instrument and
how it is processed, formatted, labeled, and uniquely identified, and how the image RDR data product
is derived from image EDR or image RDR data products. The document discusses standards used in
generating the product and software that may be used to access the product. The EDR and RDR
data product structure and organization is described in sufficient detail to enable a user to read the
product. Finally, examples of composite EDR/RDR labels are provided, along with the definitions of
the keywords in the label.

1.3 Constraints and Applicable Documents

This SIS is meant to be consistent with the contract negotiated between the MSL Project and the
MSL Principal Investigators (PIl) for the Engineering cameras and ChemCam instrument suite in
which reduced data records and documentation are explicitly defined as deliverable products. By
agreement with the MMM instrument PI, products generated by OPGS from MMM data processing
will be deliverable to the Project only in a backup capacity and will not be archived to the Planetary
Data System (PDS). Because this SIS governs the specification of data products used during
mission operations, any proposed changes to this SIS must be impacted by all affected software
subsystems observing this SIS in support of operations (e.g., APSS, OPGS, SOAS).

Product label keywords may be added to future revisions of this SIS. Therefore, it is recommended
that software designed to process EDRs and RDRs specified by this SIS should be robust to (new)
unrecognized keywords.

This Data Product SIS is responsive to the following MSL documents:

1. Pointing, Positioning, Phasing & Coordinate Systems (3PCS), “Volume 17, Santi Udomkesmalee,
MSL-376-1297, JPL D-34642, May 29, 2007.

2. Mars Science Laboratory Surface Attitude, Positioning, and Pointing Functional Design
Description (FDD), Steve Peters, MSL-376-1089, JPL D-34217, December 13, 2010.

3. Mars Science Laboratory Surface Engineering Camera Imaging Functional Design Description
(FDD), Justin Maki, MSL-375-1083, JPL D-34213, December 15, 2009.

4. Mars Science Laboratory Surface ChemCam Functional Design Description (FDD), “Baseline
Release, Revision B”, Noah Warner, MSL-375-1231, JPL D-34221, December 6, 2010.

5. Mars Science Laboratory Surface MARDI/Mastcam/MAHLI (MMM) Functional Design Description
(FDD), “Baseline Release, Rev A”, Justin Maki, MSL-375-1744, JPL D-38155, January 19, 2010.

6. Mars Science Laboratory Flight-Ground Interface Control Document (FGICD), “Volume 1,
Downlink Update Release Version 2.2.1”, Sanford Krasner, JPL D-27356, MSL 232-0219, July 21,
2010.

7. Mars Science Laboratory Surface ChemCam Interface Control Document (ICD), “Revision A”,

Elisabeth Morse, MSL-336-0315, JPL D-27360, January 12, 2008.

MSL Archive Generation, Validation, and Transfer Plan, J. Crisp, JPL D-35281, May 28, 2010.

MSL Real Time Operations (RTO) Element Data Management Plan, G. Smith, JPL D-65858,

March 2, 2011.

10. Mars Science Laboratory PLACES User Guide, “Release 2.0, Rev-B”, Bob Deen, MSL-586-3653,
JPL D-71121, August 8, 2011.

8.
9.

Additionally, this SIS is also consistent with the following Planetary Data System documents:

11. Planetary Science Data Dictionary Document, Version 1.81, November 24, 2010.

2
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12. Planetary Science Data MSL Local Data Dictionary, Version 1.0, January 15, 2013.

13. Planetary Data System Archive Preparation Guide, Version 1.4, JPL D-31224, April 1, 2010.

14. Planetary Data System Data Standards Reference, JPL D-7669, Version 3.8, Part 2, February 27
2009.

15. MSL ChemCam Science Team and PDS Geosciences Node Interface Control Document (ICD),
S. Slavney and D. DelLapp, Version 2.0, May 14, 2007.

16. MSL MAHLI, MARDI, Mastcam Science Team and NASA PDS Imaging Node Science Data
Archiving Interface Control Document (ICD), E. Jensen, Version 1.1, September 27, 2011.

17. MSL Experiment Data Record (EDR) and Engineering Cameras Reduced Data Record (RDR)
Archive Volume Software Interface Specification (SIS), R. Alanis, JPL D-64995, Version 1.0 Draft,
September 6, 2011.

Finally, this SIS makes reference to the following documents for technical background information:

18. A System for Extracting Three-Dimensional Measurements from a Stereo Pair of TV Cameras, Y.
Yakimovsky and R. Cunningham, January 7, 1977.

19. Camera Calibration, D. Gennery, JPL IOM 347/86/10, February 5, 1986.

20. Sensing and Perception Research for Space Telerobotics at JPL, D. Gennery et al., Proceedings
of the IEEE Intern. Conf. on Robotics and Automation, March 31 - April 3, 1987.

21. Camera Calibration Including Lens Distortion, D. Gennery, JPL D-8580, May 31, 1991.

22. Algorithm for Using CAHV to Determine SGI Graphics Viewpoint and Perspective, B. Bon, JPL
IOM 3472-91-057, August 6, 1991.

23. Inclusion of Old Internal Camera Model in New Calibration, D. Gennery, JPL IOM 386.3-94-001,
February 22, 1994.

24. “Least-Squares Camera Calibration Including Lens Distortion and Automatic Editing of Calibration
Points”, Calibration and Orientation of Cameras in Computer Vision, D. Gennery, ISBN 3-540-
65283-3, 2001.

25. Computations for Generalized Camera Model Including Entrance, Part 1 and Part 2, D. Gennery,
unpublished, May 23, 2001.

26. Generalized Camera Calibration Including Fish-Eye Lenses, D. Gennery, JPL D- 03-0869, 2002.

27. Issues with Linearization, R. Deen, JPL Docushare Collection 2700, File 75670, 2003.

28. Mastcam Multispectral Imaging on the Mars Science Laboratory Rover: Wavelength Coverage
and Imaging Strategies at the Gale Crater Field Site, J.F. Bell lll et al., 43" Lunar and Planetary
Science Conference, 2012.

29. Anderson, R.C., et al., Mars Science Laboratory Participating Scientists Program Proposal
Information Package, December, 14, 2010.

30. Deen, R.G. and J.J. Lorre (2005), Seeing in Three Dimensions: Correlation and Triangulation of
Mars Exploration Rover Imagery, submitted to 2005 IEEE International Conf. on Systems, Man,
and Cybernetics, Waikoloa, Hawaii.

31. Mars Exploration Rover (MER) Project ICER User’s Guide, Aaron Kiely, MER 420-8-0538, JPL D-
22103, January 5, 2004.



JPL D-38107 MSL Camera & LIBS EDR / RDR Data Products SIS, Version 3.5 3682-SIS-SCI006-MSL

1.3.1 Relationships with Other Interfaces

Changes to this EDR/RDR data product SIS document affect the following products, software, and/or
documents.

Table 1.3.1 - Product and Software Interfaces to this SIS

Type
Name P = product Owner
S = software
D = document

MIPL database schema P MIPL (JPL)
MSLEDRGEN P MIPL (JPL)
MSL Camera and LIBS EDRs P MIPL (JPL)

* Navcam

* Hazcam

e ChemCam
Navcam RDRs P MIPL (JPL)
Hazcam RDRs P MIPL (JPL)
ChemCam RDRs S ChemCam Team (IRAP in France)

* RMI
RSVP S RSVP Dev Team (JPL)
MSLICE S MSLICE Dev Team (JPL)
Mars Program Suite S MIPL (JPL)

* MARSCAHV

* MARSRAD

* MARSJPLSTEREO

* MARSCOR3

* MARSXYZ

* MARSUVW

* MARSRANGE

* MARSREACH

* MARSROUGH

* MARSMAP

* MARSMOS

* MARSMCAULEY
* MARSNAV

* MARSTIE

* MARSINVERTER
* MARSDEBAYER
* MARSBRT

* MARSERROR

* MSLFILTER

* MARSFILTER

* MARSMASK

* MARSDISPCOMPARE
* XVD

* CRUMBS
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2. INSTRUMENT OVERVIEW

In this section, overviews are provided for the three MSL instrument payload suites mentioned in the
previous section: a) Engineering Camera instrument suite, b) ChemCam instrument suite, and c)
MMM Camera instrument suite. Largely, the instruments described in this SIS are cameras, with the
exception being the LIBS spectrometers in the ChemCam instrument suite. The LIBS instruments
are included in this SIS based on some shared commonality in metadata with the RMI camera, a
result due to the manner in which RMI images are used to document LIBS laser events.

The MSL rover instrument payload includes 17 individual cameras. The main differences between
these instruments are in the optics, mounted position, and articulation methods. The cameras are
monochromatic, except for the color-capable Mastcam. The engineering cameras (Navcam,
Hazcam), share the identical electronics design and spacecraft interfaces. In these cases, the
detectors are 1024x1024 pixel CCDs, and the electronics provide 12-bit analog-to-digital conversion.
Of the 17 cameras, there are 4 sets of stereo pairs and three single cameras, as listed in Table 2a
below.

Table 2a - Tabulation of MSL Cameras

MSL Camera Instrument Location Number
Navigation Camera (Navcam) Stereo pair on Remote Sensing Mast (RSM) 4
“Front” Hazard Avoidance Camera (Hazcam) Stereo pair at front of Warm Electronics Box (WEB) 4
“Rear” Hazard Avoidance Camera (Hazcam) Stereo pair at rear of WEB 4
Remote Micro-imaging (RMI of ChemCam) Monoscopic on RSM 1
Mast Camera (Mastcam) Stereo pair on RSM 2
Mars Hand Lens Imager (MAHLI) Robotic Arm 1
Mars Descent Imager (MARDI) WEB 1

TOTAL 17

The MSL rover instrument payload also includes the LIBS instrument, comprised of multiple lasers
and spectrometers. It shares use of a telescope, boresighted on the RSM with the Mastcam and
Navcam, with the RMI camera to ensure targeting the lasers on the same spots imaged by the RMI.
See Table 2b below for the LIBS components.

Table 2b - Tabulation of LIBS Components

LIBS Instrument Component Location Number
LIBS laser Mast Unit (RSM) 1
Continuous Wave (CW) laser Mast Unit (RSM) 1
LIBS telescope Mast Unit (RSM) 1
Spectrometers (Near-Infrared, Visible, Ultra-violet) Body Unit (WEB) 3
TOTAL 6

Camera and LIBS mounting locations are shown in Figure 2 below.
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Navcams
RCE A (2 cams)

ChemCam

Rear Hazcams
RCE B (far side)
RCE A (near side)

(not seen in this view)

Mastcam

Navcams RO
RCE B (2 cams)

N
A
~} Front Hazcams

RCE B (2 cams)

Ni
o
d

Front Hazcams
RCE A (2 cams) §

Front View

Rear Hazcams

RCE A (2 cams)
Rear Hazcams
RCE B (2 cams)

Figure 2 - MSL Camera and LIBS Locations
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2.1 Engineering Camera Instrument Suite

The Engineering Camera instrument suite is comprised of the Hazcams and Navcams for the
purposes of providing near-range (Hazcams) and mid-range (Navcam) fields-of-view to facilitate
image acquisition important to rover traverse planning. For each camera, a total of 1024 x1024
image pixels plus 32 reference pixels per line (totaling 1024 x 1056) are each digitized to 12 bits
resolution. For details about the bit processing of the scene content, refer to Section 4.4.1. The
camera acquisition of the scene in hardware, beginning at origin (0,0), and subsequent onboard
storage and readout of EDR image data is illustrated in Figure 2.1 below. Note that the image
product label references (1,1) as the starting line and starting sample, respectively. Reference Pixels
are returned separately:

(0,0) Eng. Camera CCD
Looking down through the camera
boresight and onto the back side of the
CCD. Hardware origin is (0,0).

Image
——— A. Image Capture

CCD is erased, and the imaging

region is exposed to capture digitized

pixels.

B. Image Transfer
Image is transferred to the storage
region.

—+—— C. 1024 x 1024 Image Readout
One image line read out at a time

STORAGE through Serial Register, with 32

Reference pixels bookending 1024
image pixels each digitized at 12 bits.

Vertical readout direction

Register readout direction

[ i iiisasal T -] Horizontal Serial Register (1 row)

v N T 1056: Camera Serial Number (occurs every row)
L 18 —1041: Active image pixels 1042 — 1055: Post-reference pixels (14 total)
2 —17: Pre-reference pixels (16 total)
1: Invalid pixel

Figure 2.1 - Acquisition and Readout of Engineering Camera Image Data
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2.1.1 Hazard Avoidance Camera (Hazcam)

The Hazard Avoidance Cameras (Hazcams) are two stereo pairs of engineering cameras with fish-

eye lenses at 16 cm (front) and 10 cm (rear) baseline separation mounted at both the front and rear
ends of the Warm Electronics Box (WEB). Hazcam assembly includes 2 cameras with a fixed Red

200 nm bandpass filter (identical to the Navcams).

The Hazcams provide imaging primarily of the near field (< 5 m) both in front of and behind the rover.
These cameras will be used to determine safe driving directions for the rover and provide for on-
board hazard detection using stereo data to build range maps. They also support science operations
for selecting near field target and robotic arm operations.

Hazcam optics characteristics useful in the analysis of EDR and RDR products are described in Table
2.1.1, with Hazcam fields of view shown in Figure 2.1.1 below:

Table 2.1.1 - Hazcam Operational Characteristics

Characteristic Value
Field of View (FOV) 124 x 124 deg
Baseline Stereo Separation 16 cm for front, 10 cm for rear
Angular Resolution 2.1 mrad/pixel at center
Spectral Bandpass 600 - 800 nm
Focal Length 5.58 mm
fi/number 15
Depth of Field 0.1 m - infinity
Best Focus 0.5m

Figure 2.1.1 - Hazcam Fields of View

9
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2.1.2 Navigation Camera (Navcam)

The Navigation Camera (Navcam) is two mast-mounted stereo pairs of engineering cameras at 42.4
cm baseline separation with a spectral bandpass at approximately 200 nm. It will primarily be used
for navigation purposes and general site characterization (360° panoramic images and targeted
images of interest, including terrain not viewable by the Hazcams).

The cameras are boresighted with the Mastcam, and Navcam images will also be used for Science
target selection and analysis.

Navcam optics characteristics useful in the analysis of EDR and RDR products are described in Table
2.1.2, with Navcam field of view shown in Figure 2.1.2 below:

Table 2.1.2 - Navcam Operational Characteristics

Characteristic Value
Field of View (FOV) 45 x 45 deg
Baseline Stereo Separation 42.4 cm
Angular Resolution 0.82 mrad/pixel at center
Spectral Bandpass 600 - 800 nm
Focal Length 14.67 mm
fi/number 12
Depth of Field 0.5 m - infinity
Best Focus 1.0m

Figure 2.1.2 - Navcam Field of View

10



JPL D-38107  MSL Camera & LIBS EDR / RDR Data Products SIS, Version 3.5 3682-SIS-SCI006-MSL

2.2 ChemCam Instrument Suite

The ChemCam instrument suite is a spectroscopy science payload comprised of the RMI camera
subsystem and the LIBS laser/spectrometer subsystem. The ChemCam instrument payload is
packaged onboard the rover in two instrumentation units: a) the Mast Unit (affixed to the RSM), and
b), the Body Unit (housed within the rover WEB), both shown in Figure 2.2.1.

Figure 2.2.1 — Mast Unit (a) in white housing with red telescope cover, and Body Unit (b)

11
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The RMI and lasers are contained in the Mast Unit and the spectrometers reside in the Body Unit.
The LIBS will focus powerful laser pulses on targets and then determine the elemental compositions
by measuring the emission lines from the ablated material in three spectral ranges. Within the Mast
Unit, the design provides for the optical paths of the RMI camera and LIBS lasers to be co-aligned by
using the same telescope component, enabling the focus spot for each to be registered to the same
target. In this manner, the RMI data provides geomorphological context to the LIBS spectroscopy
activity in image format. Refer to Figure 2.2.2 for a schematic illustration of the interfaces in a typical
event.

Electronics
RMI :
—= | e
1 ‘
Laser /
< Telescope '

T - - - LIBS Target is

Mast Unit 1to 7 m away
Rover

Mast

/.' "~ Spectrometers (3)

/™ /7

N |
Data I
Processing

Unit

Demultiplexer
AY

A
Processing

=<

v

Body Unit

Figure 2.2.2 - Block Diagram of LIBS Spectroscopy Event

2.2.1 Remote Micro-Imager (RMI) Camera

The Remote Micro-Imager (RMI) camera provides high-resolution context images of the LIBS

sampling area as well as imaging rock morphologies and distant features. It includes an adjustable

focus capability. A total of 1024 x 1024 image pixels plus 16 reference pixels on the left per line and
12
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12 reference pixels on the top and bottom (24 total) are each digitized to 10 bits/pixel resolution. Its
pixel field of view is 21-22 prad. Its effective resolution exceeds that of MER Pancam by a factor of 5
to 10. Resolution in the near-field is within a factor of 2-3 of MER MI (at closest-focus distance of 1 m
for RMI versus 6 cm for MI). As with the engineering cameras, the binary data may be returned
uncompressed or compressed. The Reference Pixels are returned separately. For details about the
bit processing of the scene content, refer to Section 4.4.2.

RMI optics characteristics useful in the analysis of EDR and RDR products are described in Table
2.2.1.1 below:

Table 2.2.1.1 - RMI Operational Characteristics

Characteristic Value
Field of View (FOV) 22.5 mrad
Spatial Resolution <1Tmm@ 10 m
Angular Resolution 78-85 prad vertical, 87-105 prad horizontal
Spectral Bandpass ~250-900 nm
Focus Range 1.161 m to infinity
Number of Spectral Filters 1

RMI image data return compression modes are listed in Table 2.2.1.2 below:

Table 2.2.1.2 - RMI Image Compression Modes

Mode Description Factor
0 No compression 1
1 LOCO compression (done by RCE) 2
2 ICER compression (done by RCE) 10
3 Region-of-Interest, or ROI * (done by RCE) 64

* ROl size is variable and commandable from 8x8 pixels up
to 1024x1024 pixels (128x128 is default) and the ROI can
be rectangular (i.e., 256x128 pixels) if desired.

13
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The camera acquisition of the scene and subsequent onboard storage and readout of image data is
illustrated in Figure 2.2.1.1 below:

®

T reference 0,0 position for Subframe definition in S/C command
a A

é P first pixel in useful image is C- 43, L-16

o S\ N ™ /

ﬁ]’} 68 383 &

no meaning (first line read)

Useful dark reference lines ©

N
N)
22
16
5

L12 |
L1335 p no meaning
L1g

start column

column width

start line

SUBFRAME

line height

no meaning
no meaning

no meaning

Useful dark reference lines

Useful zone
(1024 x 1024)

no meaning

Useful dark reference lines

no meaning (last line read)

Figure 2.2.1.1 - Acquisition and Readout of RMI Camera Image Data
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Generally, a subframe image in any size from 8x8 to 1024x1024 (default is 128x128, rectangular is
possible on board) will be made prior to LIBS analysis, while after the laser shots a full frame image
that includes the region of interest around the analyzed spot will be acquired. In addition to the
1024x1024 useful image area, the full image contains a prescan area (1024x22), a dark area
(1024x16) and a reference pixel (dark collapsed to 1). Alternatively, the image may consist of a
16x16 or 32x32 thumbnail, computed on board, without the extra elements. The returned product
depends on the image compression option and the size of the frame, and generally should be turned
into a useful image record.

2.2.2 Laser-induced Breakdown Spectrometer (LIBS)

The ChemCam LIBS instrument payload has two lasers and three spectrometers distributed in two
instrumentation units: the Mast Unit on the RSM, and the Body Unit housed in the rover WEB. The
lasers reside in the Mast Unit and include a) the LIBS laser, a very high powered beam used to ablate
targeted material, and b) the Continuous Wave (CW) laser, used for the autofocus function of the
LIBS instrument. The spectrometers reside in the Body Unit. Figure 2.2.2, shown previously in
Section 2.2, schematically illustrates the spectroscopy of a rock target, with the active LIBS
components configured in Mast and Body Units. The LIBS activity involves the lasers focusing on a
small spot on target rock and soil samples within 15 m of the rover to ablate atoms and ions in
electronically excited states, from which they decay, producing an illuminated plasma analyzed by the
spectrometers.

Some general operational characteristics of LIBS are listed in Table 2.2.2.1 below:

Table 2.2.2.1 — LIBS Operational Characteristics

Characteristic Value
Focus Range =1.161m
Spectrometer Field of View (FOV) 0.65 mrad FWHM
Spectral Bandpass 240.8 — 905.5 nm
Pointing Accuracy in Mast context + 4 mrad

The three LIBS spectrometers produce raw or averaged spectra in three different wavelength ranges.
Each spectrum is coded on the center 2048 out of 2148 channels (it is also possible to return a 2D
diagnostic image 2048x256). The three spectra are combined into one product. The measurement
can be done after a laser shot (active spectra), without laser activation (passive spectra), or on the
calibration targets. In these three cases, the same type of product or record is returned. Figure
2.2.2 1 illustrates LIBS spectra data plotted for the three spectrometer cases as a means of
visualizing the spectra measurements.
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Figure 2.2.2.1 — Spectrum Data Plotted for Three LIBS Spectrometers

16




JPL D-38107 MSL Camera & LIBS EDR / RDR Data Products SIS, Version 3.5 3682-SIS-SCI006-MSL

2.3 MMM Camera Instrument Suite

2.3.1 Mast Camera (Mastcam)

The Mast Camera (Mastcam) is comprised of a pair of color-capable focusable stereo cameras
(“eyes”) mounted on the rover’'s Remote Sensing Mast (RSM). Each camera has a different focal
length and set of filters. Together, they can acquire images of up to 1600 x 1200 pixels and are
capable of video. They acquire color via Bayer-pattern filters on the CCD, but also have selectable
filters for science/geology applications. For more details on Bayer pattern filters, see Section 4.3.3.1.

Mastcam optics characteristics that are useful in the analysis of EDR and RDR products are
described in Table 2.3.1.1 below:

Table 2.3.1.1 - Mastcam Operational Characteristics

Characteristic Left Eye (M-34) Right Eye (M-100)
Field of View (FOV) 15 x 15 deg 5.1 x 5.1 deg
Baseline Stereo Separation 24.5cm 24.5cm
Spatial Resolution 450 prad/pixel at 2 m, 150 prad/pixel at 2 m,

22 cm/pixel at 1 km 7.4 cm/pixel at 1 km

Angular Resolution 0.22 mrad/pixel 0.074 mrad/pixel
Focal Length 34 mm 100 mm
fi/number 8 10
Focus Range 2.1 - infinity 2.1 - infinity
Number of Spectral Filters 8 plus Bayer pattern 8 plus Bayer pattern

Each Mastcam camera has an 8-position filter wheel. One of the positions is a broadband filter for
use with the Bayer color capability of the CCD. One additional filter per eye has a neutral density
coating to provide direct solar imaging capability in two colors. The remaining filters are used for
science imaging.

Thirteen of the sixteen filters provide color imaging capability in eleven unique wavelengths from 400
to 1100 nm, two of the remaining filters have neutral density coatings to provide direct solar imaging
capability in two colors, and one filter wheel position has been left empty to provide for maximum
broadband light sensitivity. The spectral bandwidths [Ref 28] are described in Table 2.3.1.2 below:
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Table 2.3.1.2 - Mastcam Spectral Filters and Bandpasses

FiI_tgr Left Eye Wavelength (= Bandwidth), Right Eye Wavelength (+ Bandwidth),
Position Aeff + HWHM (nm) Neff = HWHM (nm)
590 + 88 (Broadband) 575 + 90 (Broadband)
0 640 = 44 (Bayer filter Red) 638 + 44 (Bayer filter Red)
554 + 38 (Bayer filter Green) 551 = 39 (Bayer filter Green)
495 + 37 (Bayer filter Blue) 493 = 38 (Bayer filter Blue)
1 527 =7 527 +7
2 445 = 10 447 =10
3 751 =10 805 + 10
4 676 = 10 908 + 10
5 867 =10 937 + 10
6 1012 = 21 1013 = 21
7 880 + 10 ND5 440 = 20 ND5

The Mastcam filter response profiles, including those of the RGB Bayer filters, are plotted below for
the left (M-34) and right (M-100) camera eyes in two separate figures. Figure 2.3.1.2.1 [Ref 28]
shows the Bayer filter profiles in red, green and blue when the filter wheel is set to Filter O (broadband
IR cutoff shown as dashed line).
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Figure 2.3.1.2.1 - Mastcam Filter Profiles, Filter Wheel Set to Filter 0
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Figure 2.3.1.2.2 [Ref 29] shows the Bayer filter profiles in red, green and blue when the filter wheel is
set to a nonzero number. Additionally, the quantum efficiency of the CCD detector is graphically
depicted as a dashed line. The Bayer filter array and CCD quantum effiency profiles are not shown to

scale.
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Figure 2.3.1.2.2 - Mastcam Filter Profiles, Filter Wheel Set to Nonzero

2.3.2 Mars Hand Lens Imager (MAHLI)

The Mars Hand Lens Imager (MAHLI) is a focusable color camera located on the turret at the end of
the MSL robotic arm. The instrument acquires images of up to 1600 by 1200 pixels with a color
quality equivalent to that of consumer digital cameras using a Bayer pattern. For details on Bayer
pattern filters, see Section 4.3.3.1. It is also capable of video. MAHLI optics characteristics useful in

the analysis of EDR and RDR products are described in Table 2.3.2 below.

19




JPL D-38107 MSL Camera & LIBS EDR / RDR Data Products SIS, Version 3.5 3682-SIS-SCI006-MSL

Table 2.3.2 - MAHLI Operational Characteristics

Characteristic Value
Field of View (FOV) 34.0 - 39.4 deg diagonal
Spatial Resolution 15 pym/pixel at 25 mm distance
Angular Resolution 0.3 - 0.34 mrad/pixel
Spectral Wavelength = Bandwidth (heff + HWHM) 590 = 88 nm (Broadband)

640 + 44 nm (Bayer filter Red)

554 + 38 nm (Bayer filter Green)

495 + 37 nm (Bayer filter Blue)

Focal Length 18.3-21.3 mm
fi/number 9.8-8.5

Depth of Field 1.6 mm - >4800 mm
Focus Range 20.5 mm - infinity
Number of Spectral Filters 1 plus Bayer pattern on CCD

Note that the spatial resolution in Table 2.3.2 measures the working distance, which is not the same
as the distance from the camera model (C) point. Spatial resolution may be calculated by:

Pixel scale (um/pixel) = 6.9001 + [3.5201 * Working Distance (cm)]

Note also that the spectral bandpasses in Table 2.3.2 are approximate and use the Left Mastcam
bandpasses as the representative values.

2.3.3 Descent Imager (MARDI)

The Mars Descent Imager (MARDI) is a fixed-focus color camera fixed-body-mounted to the fore-
port-side of the MSL rover, even with the bottom of the rover chassis. The optical axis points in the
+Z direction (torward the ground in the Rover Nav coordinate systems). The camera will take 1600 x
1200 pixel images at ~5 frames per second throughout the period of time between heatshield
separation and touchdown plus a few seconds. MARDI optics characteristics useful in the analysis of
EDR and RDR products are described in Table 2.3.3 below. For details on Bayer pattern filters, see
Section 4.3.3.1.
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Table 2.3.3 - MARDI Operational Characteristics

Characteristic Value
Field of View (FOV) 70 - 55 deg
Spatial Resolution 15mat2km-1.5mmat2m
Angular Resolution 0.76 mrad/pixel
Spectral Wavelength = Bandwidth (heff + HWHM) 590 = 88 nm (Broadband)

640 + 44 nm (Bayer filter Red)

554 + 38 nm (Bayer filter Green)

495 + 37 nm (Bayer filter Blue)

Depth of Field 2 m - infinity
Number of Spectral Filters 1 plus Bayer pattern on CCD

Note that the spectral bandpasses in Table 2.3.3 are approximate and use the Left Mastcam
bandpasses as the representative values.
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3. GENERAL DATA PRODUCT OVERVIEW

3.1 Data Processing Levels

This documentation uses the “Committee on Data Management and Computation” (CODMAC) data
level numbering system. The MSL camera instrument EDRs referred to in this document are
considered “Level 2” or “Edited Data” (equivalent to NASA Level 0). The EDRs are to be
reconstructed from “Level 1” or “Raw Data”, which are the telemetry packets within the project
specific Standard Formatted Data Unit (SFDU) record. They are to be assembled into complete
images, but will not be radiometrically or geometrically corrected.

MSL camera instrument RDRs are considered “Level 3” (“Calibrated Data” equivalent to NASA Level
1-A), “Level 4” (“Resampled Data” equivalent to NASA Level 1-B), or “Level 5” (“Derived Data”
equivalent to NASA Level 1-C, 2 or 3). The RDRs are to be reconstructed from “Level 2” edited data,
and are to be assembled into complete images that may include radiometric and/or geometric
correction.

Refer to Table 3.1 for a breakdown of the CODMAC and NASA data processing levels.

Table 3.1 - Processing Levels for Science Data Sets

NASA CODMAC Description

Packet data Raw - Level 1 Telemetry data stream as received at the ground station, with
science and engineering data embedded.

Level O Edited - Level 2 Instrument science data (e.g., raw voltages, counts) at full
resolution, time ordered, with duplicates and transmission errors
removed.

Level 1-A Calibrated - Level 3 Level 0 data that have been located in space and may have been

transformed (e.g., calibrated, rearranged) in a reversible manner
and packaged with needed ancillary and auxiliary data (e.g.,
radiances with the calibration equations applied).

Level 1-B Resampled - Level 4 Irreversibly transformed (e.g., resampled, remapped, calibrated)
values of the instrument measurements (e.g., radiances, magnetic
field strength).

Level 1-C Derived - Level 5 Level 1A or 1B data that have been resampled and mapped onto
uniform space-time grids. The data are calibrated (i.e.,
radiometrically corrected) and may have additional corrections
applied (e.g., terrain correction).

Level 2 Derived - Level 5 Geophysical parameters, generally derived from Level 1 data, and
located in space and time commensurate with instrument location,
pointing, and sampling.

Level 3 Derived - Level 5 Geophysical parameters mapped onto uniform space-time grids.
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3.2 Product Label and Header Descriptions

3.2.1 Overview of Labels

There are up to three different sets of product labels (metadata) that can be associated with an
EDR/RDR file, to be described subsequently in this section: a) detached PDS (version 3) label, b)
attached ODL (Object Description Language) [Ref 4] label, and c) attached VICAR (Video
Communications and Retrieval) label. While formats and keywords may differ, all three can be
reliably used to extract metadata.

It is important to note that, with one exception, the three possible labels contain the same semantic
information and are in sync with each other. The exception is the PDS label, which may contain
items (such as comments, keywords, group and object delimiters) that are named differently than
counterparts in the ODL and VICAR labels, or may omit some items altogether. Item differences are
noted in Appendices A and E and omissions are concisely listed in Appendix G. Teams that update
only one or two of the labels are responsible for removing the labels they do not update, to avoid
confusion. Appendix C shows example ChemCam LIBS RDR labels.

The primary label supporting operations is the attached ODL label. ODL is the format used by PDS3
labels. Therefore, from a syntactic point of view, they look identical to PDS labels (with the exception
of the initial keyword and other item omissions and/or name differences) and can be processed using
most PDS tools. The difference is that the keywords are not validated and are not guaranteed to be
in the PDS Data Dictionary. The reason for the ODL label is because the PDS standards approval
process typically is out of phase with operations delivery schedules; keywords cannot be approved
and appear in the Data Dictionary within the timeline needed in operations. Every attempt is made to
keep the ODL and PDS keywords the same, but there are some discrepancies. The most common
difference is that many PDS keywords have a “MSL:” prefix to indicate a local data dictionary, while
the ODL keywords do not.

In the case of image EDR/RDR files only, a secondary operations label exists that is the attached
VICAR label. This is used by MIPL/OPGS software to operate on the images. Again, the keywords
for the most part match the ODL keywords; the difference is mostly formatting and syntax.

The primary label from the archive perspective is the detached PDS3 label. This is a separate file
with the same base name as the image file, with a “.LBL” extension. The detached label references
the EDR/RDR filename via a keyword. This label is fully compliant with all PDS archive standards.

3.2.2 PDS and ODL Labels

As implied in the previous section, EDRs and RDRs described in this document, with the exception of
the OPGS Terrain RDR, have an attached ODL label and a detached PDS label. Each institution is
responsible for converting PDS-formatted products to be compatible with their own software systems
(such as VICAR, IDL, ISIS, etc.).

Because the PDS and ODL formats are identical, they are described together here, with differences
in content noted as such.
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Per PDS standards, the detached PDS label starts with the keyword assignment:
PDS_VERSION_ID = PDS3

The attached ODL label, which contains keywords that may not be compliant to PDS standards,
starts with the keyword assignment:

ODL_VERSION_ID = ODL3

This is how the two label types are distinguished. With the exception of this keyword, any PDS-
format reader that does not validate against the PDS Data Dictionary should be able to read the ODL
labels.

A PDS/ODL label is object-oriented and describes the objects in the data file. The PDS/ODL label
contains keywords for product identification, along with the data object definition containing
descriptive information needed to interpret or process the data in the file. The PDS spreadsheet
object is used to describe the format of the products.

PDS/ODL label statements have the form of "keyword = value". Each label statement is terminated
with a carriage return character (ASCII 13) and a line feed character (ASCII 10) sequence to allow the
label to be read by many operating systems. Pointer statements with the following format are used to
indicate the location of data objects in the file:

Aobject = location

where the carat character (*, also called a pointer) is followed by the name of the specific data object.
The location is the 1-based starting record number for the data object within the file. Alternatively, it
could be the 1-based byte location within the file if it includes a <bytes> unit tag. The PDS detached
label includes the filename as part of the pointer:

Aobject = (filename, location)

Pointers are used to define the locations of the binary instrument data itself ("IMAGE for image data),
the VICAR header in the case of images ("[MAGE_HEADER), and the ancillary binary data
(ChemCam only, e.g. \CCAM_SOH_DPO).

3.2.2.1 PDS Local Data Dictionary

The PDS label contains many keywords with a “MSL:” prefix. These indicate keywords that are
defined in the MSL local data dictionary, rather than the primary PDS data dictionary. The ODL label
does not contain these prefixes.

3.2.2.2 Keyword Length Limits

All PDS/ODL keywords are limited to 30 characters in length (Section 12.7.3 in PDS Standards
Reference) [Ref 14], not including the “MSL:” prefix. Therefore, software that reads MSL PDS/ODL
labels must be able to ingest keywords up to 30 characters in length.

For image RDR-producing institutions wishing to accommodate the VICAR mapping (see Section
3.2.2) of PDS/ODL keywords that use a <unit> tag after the value, such keywords must be limited to
24 characters in length. Otherwise, those keywords will not be transcoded from the PDS/ODL label
into a VICAR label.
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3.2.2.3 Data Type Restrictions

In order to accommodate VICAR dual-labeled files, 16-bit data must be stored as signed data.
Unsigned 16-bit data are not supported. 12-bit unsigned data from the cameras are stored in a 16-bit
signed value. 8-bit data are unsigned.

3.2.2.4 Interpretation of N/A, UNK, and NULL

During the completion of data product labels or catalog files, one or more values may not be available
for some set of required data elements. In this case PDS provides the symbolic literals “N/A”, “UNK”,
and “NULL”, each of which is appropriate under different circumstances. As a note, if any one of
these three symbolic literals are used in place of a keyword value that is normally followed by a Unit
Tag(s) (e.g., “<value>"), the Unit Tag(s) is removed from the label.

*  “N/A” (“Not Applicable”) indicates that the values within the domain of this data element are
not applicable in this instance. For example, a data set catalog file describing NAIF SPK
kernels would contain the statement:

INSTRUMENT_ID = "N/A"
because this data set is not associated with a particular instrument.
“‘N/A” may be used as needed for data elements of any type (e.g., text, date, numeric, etc.).

*  “UNK” (“Unknown”) indicates that the value for the data element is not known and never will
be. For example, in a data set comprising a series of images, each taken with a different filter,
one of the labels might contain the statement:

FILTER_NAME = "UNK"

if the observing log recording the filter name was lost or destroyed and the name of the filter is
not otherwise recoverable.

“UNK” may be used as needed for data elements of any type.

*  “NULL” is used to flag values that are temporarily unknown. It indicates that the data preparer
recognizes that a specific value should be applied, but that the true value was not readily
available. “NULL” is a placeholder. For example, the statement:

DATA_SET_RELEASE_DATE = "NULL"

might be used in a data set catalog file during the development and review process to indicate
that the release date has not yet been determined.

“‘NULL” may be used as needed for data elements of any type.

Note that all “NULL” indicators should be replaced by their actual values prior to final archiving
of the associated data.

3.2.2.5 PDS/ODL Label Constructs “Class”, “Object” and “Group”

The PDS has designed a set of formal and informal constructs for labeling data products. In the PDS
realm, “formal” implies a standardized design or set of rules that provides a protocol across multiple
data products (e.g., multiple flight missions) for PDS validation tools, and involves a rigorous approval
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process. “Informal” implies a less rigorous process by which the construct meets PDS approval. For
both formal and informal constructs, the PDS member keywords must be defined in the Planetary
Science Data Dictionary (PSDD) [Ref 11] or the Planetary Science Data MSL Local Dictionary [Ref
12]. ODL label keywords need not be in the data dictionaries. For the EDRs and RDRs described in
this document, the PDS/ODL label includes the following “formal” and “informal” constructs:

* Class - The Class construct is informal and resides in a PDS/ODL label as a grouping of
keywords that are thematically tied together. Classes are usually preceded by a
label comment, although it is not required. PDS/ODL label comments are character
strings bounded by “/* */” characters.

In the MSL Camera PDS/ODL label a Class of keywords will be preceded by a
comment string as follows:

/* comment string */
keyword = keyword value
keyword keyword value

* Object - The Object construct is formal and is a set of standard keywords used for a particular
data product. In the PSDD, each Object definition lists the elements required to be
present each time the Object is used in a product label. The PSDD also provides a
list of additional, optional keywords that are frequently used in the Object. Any
element defined in the PSDD may be included as an optional element in any Object
definition, at the discretion of the data preparer.

In the MSL Camera PDS/ODL label an Object’s set of keywords is specified as

follows:

OBJECT = Object identifier
keyword = keyword value
keyword = keyword value

END_OBJECT = Object identifier

* Group - The Group construct can be either a formal or informal grouping of keywords that are
not components of a larger Object. Group keywords may reside in more than one
Group within the label.

The Group construct is further described in section 12.4.5 of the PDS Standards
Reference, "Object Description Language Specification and Usage: GROUP
Statement".

In the MSL Camera PDS/ODL label, a Group’s set of keywords is specified as

follows:

GROUP = Group identifier
keyword = keyword value
keyword = keyword value

END_GROUP = Group identifier
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3.2.2.6 PDS/ODL Image Object

An IMAGE object is a two-dimensional array of values, all of the same type, each of which is referred
to as a sample. IMAGE objects are normally processed with special display tools to produce a visual
representation of the samples by assigning brightness levels or display colors to the values. An
IMAGE consists of a series of lines, each containing the same number of samples.

The required IMAGE keywords define the parameters for simple IMAGE objects:

* LINES is the number of lines in the image.

* LINE_SAMPLES is the number of samples in each line.

* SAMPLE_BITS is the number of bits in each individual sample.
* SAMPLE_TYPE defines the sample data type.

The IMAGE object has a number of keywords relating to image statistics. These keywords will be
present in all EDRs. In RDRs, they are optional, and if they are present, they must be updated to
reflect the current statistics of the image (often they will be omitted for the sake of computational
efficiency). Note that the VICAR label never contains these keywords; see section 3.2.2. The
statistics keywords are:

* MEAN

* MEDIAN

e MAXIMUM

e  MINIMUM

» STANDARD_DEVIATION
* CHECKSUM

Many variations on the basic IMAGE object are possible with the addition of optional keywords and/or
objects. The ““IMAGE” keyword identifies the start of the image. Recommended image formats are
described and illustrated in Reference 4, Appendix A.19.

3.2.2.7 PDS/ODL Table Objects and “.FMT” Files

In lieu of the binary Image Data Product Header (IDPH) Data Product Object (DPO) contained in the
Engineering Camera and MMM EDR products, ChemCam EDRs include binary DPOs that contain
ancillary information about the EDR. Of these, the primary carrier of such information is the Ancillary
DPO. Refer to Figure 4.4 (Diagrams B and C) for a visual schematic of the ChemCam EDR
structures, wherein the DPO information is noted as “auxiliary” data. Some of the data from these
DPOs are pulled out into standard PDS/ODL label items. Section 4.4.2 discusses the ChemCam
EDR structure and how the DPOs reside within the EDR.

The “pointer at the beginning of the label points to the data itself. There is also a PDS/ODL Object in
the label, which defines the contents and structure of the data. How the structure is described is
defined by the PDS standards documents [Ref 14], so it is not fully defined here.

Of particular note is that most of the structure is offloaded to a separate format (.FMT) file via a

ASTRUCTURE keyword within the object. The various “.FMT” files supporting the ChemCam EDR
labels are described explicitly in Appendix D.
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An example of the label object is shown below:

OBJECT = TABLE
NAME = "CCAM_SOH DPO_TABLE"
COLUMNS = 20
ROWS = 80
ROW _ BYTES = 46
INTERCHANGE_FORMAT = "BINARY"
DESCRIPTION = "ChemCam State of Health Structure"
/¥ This format file defines columns 1-43, the first part of the SCIDATA obiject. */
ASTRUCTURE = "CCAM_SOH DPO_TABLE.FMT"
/*  This container includes columns 44, 45, and 46. This set of columns may */
/* be repeated up to 20 occurrences. */
OBJECT = CONTAINER
NAME = "CCAM _SOH TO RCE_CONTAINER"
START BYTE = 129
BYTES = 100
REPETITIONS = 20 /* orany number between 1 and 20 */
DESCRIPTION = "ChemCam SOH to RCE structure.
Includes arrays ccam_DPU_SOH_struct and ccam_MU_SOH_ struct.”
/¥ This format file defines columns 44, 45, and 46, the last part */
/¥ of the SCIDATA object. */
ASTRUCTURE = "CCAM _SOH TO RCE_CONTAINER.FMT"
END_OBJECT = CONTAINER
END_OBJECT = TABLE

3.2.3 VICAR Label

For all image EDR data products and MIPL produced image RDR data products, an embedded
VICAR label follows the ODL label and is pointed to by the PDS/ODL pointer ““IMAGE_HEADER”.
The VICAR label is also organized in an ASCII, “keyword = value” format, although there are only
spaces between keywords (no carriage return/line feeds as in PDS). The information in the VICAR
label is an exact copy of the information in the PDS label as defined in the next section. The reader is
referred to the VICAR File Format document for details of the format, which is available at the URL
“http://www-mipl.jpl.nasa.gov/external/VICAR _file_fmt.pdf’. The following text is an excerpt which
describes the basic structure:

A VICAR file consists of two major parts: the labels, which describe what the file is,
and the image area, which contains the actual image. The labels are potentially split
into two parts, one at the beginning of the file, and one at the end. Normally, only the
labels at the front of the file will be present. However, if the EOL keyword in the
system label (described below) is equal to 1, then the EOL labels (End Of file Labels)
are present. This happens if the labels expand beyond the space allocated for them.
The VICAR file is treated as a series of fixed-length records, of size RECSIZE (see
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below). The image area always starts at a record boundary, so there may be unused
space at the end of the label, before the actual image data starts.

The label consists of a sequence of "keyword=value" pairs that describe the image,
and is made up entirely of ASCII characters. Each keyword-value pair is separated by
spaces. Keywords are strings, up to 32 characters in length, and consist of uppercase
characters, underscores (“_"), and numbers (but should start with a letter). Values may
be integer, real, or strings, and may be multiple enclosed in parentheses (e.g. an array
of 5 integers, but types cannot be mixed in a single value). Spaces may appear on
either side of the equals character (=), but are not normally present. The first keyword
is always LBLSIZE, which specifies the size of the label area in bytes. LBLSIZE is
always a multiple of RECSIZE, even if the labels don't fill up the record. If the labels
end before LBLSIZE is reached (the normal case), then a 0 byte terminates the label
string. If the labels are exactly LBLSIZE bytes long, a null terminator is not necessarily
present. The size of the label string is determined by the occurrence of the first 0 byte,
or LBLSIZE bytes, whichever is smaller. If the system keyword EOL has the value 1,
then End-Of-file Labels exist at the end of the image area (see above). The EOL
labels, if present, start with another LBLSIZE keyword, which is treated exactly the
same as the main LBLSIZE keyword. The length of the EOL labels is the smaller of
the length to the first 0 byte or the EOL's LBLSIZE. Note that the main LBLSIZE does
not include the size of the EOL labels. In order to read in the full label string, simply
read in the EOL labels, strip off the LBLSIZE keyword, and append the rest to the end
of the main label string.

Note that the EOL labels will not appear in archive products.

A binary header may appear in between the VICAR label and the image, containing arbitrary binary
data that are not interpreted by VICAR. The number of records in this header is defined by the
VICAR system keyword NLB. This binary header area is where the ChemCam DPOs are stored.

3.2.4 Mapping of PDS/ODL and VICAR Labels

In the cases of the attached ODL and VICAR labels, information content is identical, by definition.
ODL and VICAR labels may be used interchangeably, for any purpose in the mission. Any software
that modifies one label must also modify the other, or remove them entirely. This is often most easily
accomplished by stripping off one of the headers, processing the remaining label as desired locally,
and then running a conversion tool to re-create the missing header. Such tools will be provided by
MIPL.

In the case of the detached PDS label, information content is not necessarily identical to the ODL
label, and therefore not necessarily identical to the VICAR label when applicable. It is intended that a
PDS label can have reduced content, but not increased content, in comparison to the ODL and
VICAR labels. Appendix G tracks the label keywords that are not present in the PDS label.

It is important to note that only product labels containing the label keyword assignment
“‘PDS_VERSION_ID = PDS3” are valid PDS products.

The mapping between PDS and ODL keywords is straightforward, and keyword names are usually
the same. However, there are some keyword name differences. Appendix A shows a label in ODL
format, and identifies differences in ODL and PDS keyword names. For space reasons in this
document, the corresponding VICAR label is omitted from this document, but it is required. The
mapping rules are as follows:

29



JPL D-38107 MSL Camera & LIBS EDR / RDR Data Products SIS, Version 3.5 3682-SIS-SCI006-MSL

* For mapped PDS, ODL and VICAR (if applicable) keywords, values are identical in all cases
with the exception of differences mandated by the file format itself, such as quoting rules. See
the respective PDS and VICAR documents for details, but in general, PDS/ODL uses double
quotes (") while VICAR uses single quotes (').

* For ODL and VICAR label keywords, with the exception of those defining the file format itself
(described below), names are identical in both cases.

* For PDS labels, resident keywords map 1-to-1 with ODL keywords, but not all ODL keywords
have a mapping to PDS keywords. ODL keywords not represented in PDS labels are listed in
Appendix G.

* For PDS labels, keyword names are usually identical to keywords in the ODL label, but not
necessarily so. Name differences between keywords are identified in Appendix A.

* Any ODL label group maps 1-to-1 to a VICAR property set with the same name (Group) name
== property set name). All contained keywords are identical in both cases. The GROUP and
END-GROUP keywords are omitted from the VICAR label; PROPERTY keywords are used
instead (as per the VICAR file format definition).

* For PDS labels, groups map 1-to-1 with the ODL label, but group names can differ. Name
differences between groups are identified in Appendix A.

* Any set of PDS/ODL keywords not in a group (in PDS terms, a class) is identified by an
introductory comment (e.g. /* IDENTIFICATION DATA ELEMENTS */)). Such classes map 1-
to-1 to a VICAR property set. The name of the VICAR property set and the name of the PDS
introductory comment map as follows:

Table 3.2.4.1 - PDS/ODL Class to VICAR Property Set Mappings

PDS/ODL Class Comment VICAR Property Set Name
/* FILE DATA ELEMENTS */ special case, see below
/* POINTERS TO DATA OBJECTS */ special case, see below
/* IDENTIFICATION DATA ELEMENTS */ IDENTIFICATION
/* TELEMETRY DATA ELEMENTS */ TELEMETRY
/* HISTORY DATA ELEMENTS */ PDS_HISTORY_PARMS
/* COMPRESSION RESULTS */ COMPRESSION_PARMS

* For VICAR labels, PDS/ODL comments (i.e., /* string */) are stored in a keyword named
"PDS_COMMENT". This keyword appears in the VICAR property containing the elements
immediately following the comment. When converting from VICAR to PDS/ODL, the comment
is placed immediately before the group or class. Blank lines should surround the comment.
Note that with OPGS-generated EDR and RDR data products, multiple comment lines in a
Group are not supported.

* The PDS/ODL objects IMAGE_HEADER and IMAGE, as well as the keywords in /* FILE
DATA ELEMENTS */ and the AIMAGE and "NIMAGE_HEADER pointers (in /* POINTERS TO
DATA OBJECTS */) in the table above, do not map directly to VICAR. They all describe the
layout of the file and the image data. The VICAR equivalent for all of these items is the
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VICAR System label. Information maps between these in a straightforward way. It should be
trivial to construct a VICAR system label and the above-referenced PDS entities after referring
to the respective file-format-definition documents. Note that the /* FILE DATA ELEMENTS */
and /* POINTERS TO DATA OBJECTS */ comments are constant and so are not mapped to
PDS_COMMENT keywords in the VICAR label. They are inserted automatically as part of the
system label conversion process.

* The statistics-related keywords in the PDS/ODL IMAGE object are MEAN, MEDIAN,
MAXIMUM, MINIMUM, STANDARD_DEVIATION, and CHECKSUM. These keywords are
never transferred to the VICAR label. For VICAR -> PDS/ODL conversion, they can be
computed from the image, or simply omitted from the PDS/ODL image (for RDRs only - EDRs
require them).

* A few remaining items in the PDS/ODL_IMAGE object are treated specially. The FIRST_LINE,
FIRST_LINE_SAMPLE, INVALID_CONSTANT, and MISSING_CONSTANT keywords are
transferred to the VICAR IMAGE_DATA property set.

* Any PDS/ODL keyword with a <unit> tag after the value is transferred to the VICAR label
without the unit tag. A VICAR keyword with the same name, but with "__UNIT" (two
underscores) appended to the end, is added with the value of the unit. So for example, the
PDS/ODL keyword "EXPOSURE_TIME = 1.5 <s>" would translate to two VICAR keywords:
"EXPOSURE_TIME = 1.5" and “EXPOSURE_TIME__UNIT = s". Note that because of this,
any PDS/ODL keyword that can support a unit is limited to 24 characters. If there is more
than one value (an array), a unit is associated with each. In this case, the “__UNIT” VICAR
keyword becomes multi-valued also, with each unit copied in sequence. If one of the
elements does not have a unit (but others do), the corresponding entry is "N/A" (which is not
copied to the PDS/ODL label). So for example, PDS/ODL "CONTRIVED_ANGLE = (1.2
<rad>, 22.0, 54.1 <deg>)" would map to VICAR "CONTRIVED_ANGLE = (1.2, 22.0, 54.1)"
and "CONTRIVED_ANGLE__UNIT = (rad, N/A, deg)".

* The VICAR history label is omitted from the PDS header

» PDS/ODL TABLE objects (used to describe the ChemCam DPOs) map to VICAR property
sets with each table, or container within the table (subobject), being a separate property set.
The name of the property set matches the name of the table object (OBJECT = name).
Certain keywords are handled specially, as described in the following table:

Table 3.2.4.2 — Referencing PDS/ODL Objects in VICAR Label

VICAR Label PDS / ODL Meaning
PDS_OBJECT__TYPE=TABLE Type of PDS/ODL object.
PDS_OBJECT__PTR=recnum Apointer = (recnum + pointer to header area)
PDS_OBJECT__ OFFSET=offset Byte offset within record for pointer, if needed.
PDS_OBJECT__LOC=BINARY HEADER | Tells where the object is for proper PTR adjustment.
PDS_OBJECT__CHILD=(xxx,yyy) Names of subobjects (PDS/ODL containers).
PDS_OBJECT__ PARENT=aaa Name of parent object.

Note: PDS_OBJECT__PTR is a 1-based record number within the binary header, so it must
be adjusted to be relative to the start of the file for the ODS/ODL pointer.
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* PDS/ODL “pointer objects other than "IMAGE and "IMAGE_HEADER that point to tables or
containers map to PDS_OBJECT__ * keywords as described in the table above. Any
remaining pointers, such as "STRUCTURE, map to VICAR by removing the leading caret and
appending “__PTR”. Thus ““STRUCTURE” becomes “STRUCTURE__PTR” in VICAR.

3.3 Binary Data Storage Conventions

EDR and RDR data products for MSL camera image and LIBS spectra data are stored as binary
data. For the image EDRs, the data formats include rescaled 8-bit integers stored in an unsigned
byte, as well as 10-bit or 12-bit integers stored in signed 16-bit integers. The spectrum EDR cases
vary between unsigned 16-bit and unsigned 32-bit integers. The PDS and VICAR labels are stored
as ASCII text.

3.3.1 Bit and Byte Ordering

The ordering of bits and bytes is only significant for instrument (image and spectra) and binary header
data; all other labeling information is in ASCII.

For non-byte instrument data, which includes 8-bit unsigned shorts, 16-bit signed shorts, 32-bit
signed ints, and 32- and 64-bit IEEE floating-point numbers, the data may be stored in either Most
Significant Byte first ("big-endian”, as used by e.g. Sun computers and Java), or Least Significant
Byte first ("little-endian", as used by e.g. Linux and Windows computers). In a EDR/RDR product, the
instrument data can have only one ordering, but it is dependent on the host platform where the data
was processed. Binary header data, applicable to ChemCam, can have a different ordering than the
instrument data. This follows both the PDS/ODL and VICAR file format conventions.

For Engineering Camera and MMM image data, the PDS/ODL label carries keyword SAMPLE_TYPE
in the IMAGE Object to define which ordering is used in the file. The VICAR label carries keywords
INTFMT and REALFMT in the System portion of the label to define the ordering. Both of these file
formats specify that bit 0 is the least significant bit of a byte. See the respective PDS and VICAR file
format definition documents.

For ChemCam instrument data, RMI image data ordering is defined by keyword SAMPLE_TYPE in
the IMAGE Object of the PDS/ODL label and by keywords INTFMT and REALFMT in the System
portion of the VICAR label. LIBS spectra data ordering is defined by pointer STRUCTURE in the
CCAM_LIBS_TABLE Object of the PDS/ODL label. ChemCam binary headers are of varying data
type, as described in their PDS/ODL label Object definitions and the external “.FMT” files. However,
they are always in MSB (“big-endian”) format, even if the instrument data are LSB.

Table 3.3.1 - MSL Image EDR/RDR and Spectrum EDR Bit Ordering

Address MSB-first LSB-first

n most significant byte least significant byte
n+1 next next

n+2 next next

n+3 least significant byte most significant byte
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4. EDR PRODUCT SPECIFICATION

MSL instrument EDRs and RDRs described in this document will be generated by JPL’s Multimission
Instrument Processing Laboratory (MIPL) under the OPGS subsystem of the MSL GDS Realtime
Operations (RTO) element. Other RDRs described in this document will be generated by the
ChemCam Science Team.

The EDR consists of unprocessed experiment data stored in binary format. The EDR structures
defined in this document vary depending on instrument, with all containing attached metadata labels.

For MSL, with the exception noted in Section 1.3, the camera image EDR and LIBS spectrum EDR
are the fundamental instrument data archive product. They will be generated as “raw” uncalibrated
data within an automated pipeline process managed by MIPL under OPGS at JPL. The size of an
image EDR data product is approximately 2 MB, while the size of a spectrum EDR is approximately
260 KB. The total estimated volume of image EDRs and spectrum EDRs over the course of the
nominal 2-year MSL mission is approximately 376 Gigabytes and 6 Gigabytes, respectively.

4.1 EDR General Processing

The EDR processing begins with the reconstruction of packetized telemetry data resident on the TDS
by the Mission data Processing and Control Subsystem (MPCS) into a binary “.dat” data product and
associated “.emd” Earth meta-data file. The data product and meta-data are written by MPCS to the
Operations Data Store (ODS) and messages are generated on a Java Message Server (JMS) bus,
where they are ingested by MIPL’s EDR generator “msledrgen” and processed with SPICE kernels
provided by NAIF. The EDR will be generated within 60 seconds after the JMS message describing
the ODS location of the respective the binary data product and associated Earth meta-data file has
been received by the OPGS pipeline system. This data flow is illustrated in Figure 4.1, and is
elaborated subsequently in this section:
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Figure 4.1 - EDR Processing Flow

In all EDR cases, missing packets will be identified and reported for retransmission to the ground as
“partial datasets”. Prior to retransmission, the missing EDR data will be filled with zeros. The EDR
data will be reprocessed only after all “partial datasets” are retransmitted and received on the ground.
In these cases, the EDR version will be incremented so as not to overwrite any previous EDR
versions. The EDR data product will be placed into FEI for distribution and to facilitate the archiving
process.
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4.2 EDR Product Types

Descriptions for the various EDR product types are provided in this section. They are broken down
into four groupings: a) Image, b) Image Support, c) Spectroscopy, and d) Health & Safety. Refer also
to Table 4.3 for a mapping between the source MSL instrument and the EDR product type.

4.2.1 Image EDRs

4.2.1.1 Standard Image EDR

All of the imaging instruments create standard image EDRs (for engineering camera and RMI, this is
the only image EDR type). These images are uncompressed, raster-format data products. They are
nominally 12-bit products, stored as 16-bit signed integers. If 12-to-8 bit scaling (called "companding"
by the MMM instruments) is performed onboard, then pixels are stored as 8-bit unsigned bytes.
Engineering camera and RMI images are always a single band. MMM EDRs may consist of one or
three bands, depending on whether color processing was done onboard.

4.2.1.2 MMM-specific Image EDR

For MMM, there is a Bayer pattern of R,G,B filters superimposed on the CCD. This may be
processed onboard to create a color image. If this is done, the data will always be sent as 3-band, 8-
bit JPEG color, and the EDR will be 3-band byte format. The MMM cameras can also send data
without color processing, in which case it will either be a single-band 8-bit JPEG, or a 8- or 12-bit
uncompressed or losslessly-compressed image, stored as described above. In any case, if a JPEG
is sent, a JPEG EDR will also be created.

4.2.1.2.1 MMM “JPEG” EDR

The MMM instruments often compress their images using JPEG for downlink. The JPEG EDR
contains this JPEG as originally downlinked; it has not been uncompressed or recompressed. This
type is not produced unless JPEG compression used onboard (i.e. no ground compression). It may
be a color or grayscale (single band) JPEG.

4.2.1.2.2 MMM “Z-stack” EDR

The MAHLI (most typically) and Mastcam instruments may create a Z-stack image onboard, by
combining images taken at different focus settings. The result is a best-focus image with a much
greater depth of field. Each pixel contains data from the source image(s) that are in best focus
(potentially interpolated between neighboring images). This image may be color or a single band.

NOTE: The metadata regarding vehicle state for Z-stack images reflects the state of the vehicle at
the time the Z-stack product itself was created. This is generally not the same as the vehicle
state at the time the imagery was acquired. Most importantly, this means the arm state and
mast state, and thus camera model, for these images do not properly describe the image.
The metadata must be obtained from the thumbnail or full frame of one of the images that
went into making the Z-stack. Determining the proper image to use is beyond the scope of
this document, but can often be inferred by inspection of the available data.

4.2.1.2.3 MMM “Depth Map” EDR

As part of MMM Z-stack processing, a Depth Map image may also be produced. This 8-bit, single-
band EDR indicates which image the best-focus data came from. Pixels with a digital number (DN) of
0 indicate the first image in the Z-stack, while a DN of 255 indicates the last, with linear scaling
between. For example, with a 5-image stack and expected DNs of 0, 64, 128, 192, and 255, a DN of
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96 would indicate the depth is halfway between images 2 and 3.

NOTE: The metadata regarding vehicle state for Depth Map images reflects the state of the vehicle
at the time the Depth Map product itself was created. This is generally not the same as the
vehicle state at the time the imagery was acquired. Most importantly, this means the arm
state and mast state, and thus camera model, for these images do not properly describe the
image. The metadata must be obtained from the thumbnail or full frame of one of the
images that went into making the Depth Map. Determining the proper image to use is
beyond the scope of this document, but can often be inferred by inspection of the available
data.

4.2.1.2.4 MMM “Video” EDR

The MMM Video EDR is identical in format to the standard image EDR. It represents a single frame
of a video sequence. The EDR type is separate in order to better distinguish video frames from still
frames.

4.2.1.2.5 MMM “Recovered” EDR

An MMM Recovered EDR is an EDR for which the metadata is unavailable. It existed in camera
memory but for whatever reason the onboard data product describing it was lost or deleted. Such
products have extremely limited metadata, with lots of "UNK" (unknown) values. This can occur to
any MMM EDR type.

4.2.1.3 Image Sampling Types

Except where otherwise noted, in general, the image types described above can be sent in one of
three pixel sampling types: 1) Full-frame, 2) Subframe, or 3) Downsampled. They may also be sent
as a Thumbnail, in addition to (or instead of) the three aforementioned formats.

4.2.1.3.1 “Full Frame” EDR

Full-frame EDRs contain the entire contents of the CCD. For the engineering cameras and RMlI, this
means a 1024x1024 image. For MMM instruments, this means 1648 (columns) x 1200 (rows).

4.2.1.3.2 “Subframe” EDR

Sub-frame EDRs are a subset of rows and columns of the full-frame image. They can be thought of
as a window on the CCD, with the same resolution but smaller coverage area.

4.2.1.3.3 “Downsampled” EDR

Downsampled EDRs contain a smaller version of the image, resulting in reduced resolution of the
same coverage area. They apply to engineering camera and RMI camera images, but not to MMM
camera images. Downsampling can be done via one of three methods: 1) nearest neighbor pixel
averaging, 2) pixel averaging with outlier rejection, or 3) computing the median pixel value. Note that
downsampling can be applied to subframes, although this is not normally done.

4.2.1.3.4 “Thumbnail” EDR

Thumbnails are a reduced-resolution version of the original image, sent in addition to, or instead of,
the original image. They apply to all image EDRs. The main purpose of a Thumbnail EDR is to
provide an image summary using a very low data volume compared to the original image. Decisions
about downlinking the original image can be made using the Thumbnail. For the engineering
camersa and RMI, Thumbnails are produced relative to the full-frame image, even if the product is
downsampled or subframed. For MMM camera images, Thumbnails are of the subframe region only,
and not the full-frame.
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4.2.2 Image Support EDRs

4.2.21 “Row Summation” EDR

A row summation EDR is the summing of the rows of a full-frame or subframed image and returning
the results. The EDR is a nx1 array of 32-bit integers (whose length is equal to the image height)
where the DN value of the ith element is the value of the sum of all the pixels in the ith row.
Applicable to the Engineering Camera instrument suite.

4.2.2.2 “Column Summation” EDR

A column summation EDR is the summing of the columns of a full-frame or sub-framed image and
returning the results. The EDR is a 1xn array of 32-bit integers (whose length is equal to the image
width) where the DN value of the ith element is the value of the sum of all the pixels in the ith column.
Applicable to the Engineering Camera instrument suite.

42.2.3 “Reference Pixel” EDR

The onboard CCD array has "Reference" dark pixels (12-bits) located before and after the image
data. For the Eng. Cameras, there are 16 “pre-Reference” and 15 “post-Reference” pixels followed
by the camera hardware serial number (left-shifted by 4 bits if 12-bit data) in each row. For the
ChemCam RMI, there are 12 “pre-Reference” lines before the image lines and 12 “post-Reference”
lines after the image lines. Also, there are 16 “pre-Reference” pixels before the image data in each
row. Applicable to the Engineering Camera instrument suite and ChemCam RMI.

4224 “Histogram” EDR
The histogram EDR is a 32-bit integer array storing the histogram of the image. A 1x256 or 1x4096
array will be returned. Applicable to the Engineering Camera instrument suite.

4.2.3 Spectroscopy EDRs

4231 “Spectrum” EDR

The spectrum EDR is comprised of one or more ChemCam LIBS spectroscopy intensity (spectra)
values, or digital numbers (DNs), stored as an array of 16-bit or 32-bit unsigned integers. The data
range is dependent on which of the three possible spectrometers (UV, Visible, Near-infrared) were
commanded. Applicable to the ChemCam LIBS instrument.

4.2.4 Engineering EDRs

4241 “State-of-Health” (SOH) EDR

The SOH EDR is comprised of binary metadata describing the health and safety of ChemCam
instrumentation. There are five variants: a) State-of-Health, b) Power On, c) Power Off, d) Sun Safe
and e) Initialize. Stored in 16-bit unsigned integer format, they are a vector of 9 entities for the
ChemCam Body Unit and a vector of 39 entities for the ChemCam Mast Unit. Applicable to the
ChemCam instrument suite as a standalone product.
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4.2.4.2 “NavMap” EDR

The NavMap products are engineering products used to assess the performance of the rover's on-
board navigation software. All 3-char product identifiers starting with “N” (form: Nxx) are NavMap
products.

The list of NavMap products and their short descriptions are provided in Table 4.3. Most, but not all,
are images of some sort in the standard VICAR/ODL/PDS format with varying data types, sizes, and
numbers of bands. Because these are detailed engineering products, no further description of them
is provided in this document. They will not be archived.

4.3 EDR Product Format

Description of EDR product formats in this section will be by instrument suite: a) Engineering
Cameras, b) ChemCam Instruments, ¢) MMM Instruments.

The EDR will be formatted according to this SIS, following the general terms of labeling and bit
ordering previously discussed in Sections 3.2 and 3.3, respectively. This section details the specifics
of a variety of formats across all image EDRs and spectrum EDRs. The various EDR formats and
their data sizes, across all instrument suites, are listed in Table 4.3 and discussed subsequently in
this section:

Table 4.3 — List of EDR Types and Formats

Type Product Size Format Instruments Description
Identifier (bits)
Standard EDR Full-frame 8-bit Eng. Cams, Nominal full sized, full resolution
Image + 1024 lines x 1024 | unsigned or | RMI, MMM | data product.
16-bit signed | Cams
samples for Eng. integer Nominally, data are acquired at
Cams_ 10-bit (RMI) or 12-bit (Eng.
* 1024 lines x 1024 Cams) resolution, stored as the
samples without Ref last 12 bits of a 16-bit integer.
Pixels (1056 lines x
1072 samples with If “12 to 8-bit” scaling was
Ref Pixels) for RMI commanded (Eng. Cams), the
« Up to 1200 lines x 12-bit data has been scaled
1648 samples for onboard as 8-bit pixels, stored
MMM Cams on the ground in a single
unsigned byte. Note that as an
RDR, these scaled 8-bit data
can be unscaled back to 12 bits,
using an Inverse Lookup Table
(ILUT), stored as the last 12 bits
of a 16-bit integer.
Subframe 8-bit Eng. Cams, Same format as Full Frame, but
Variable size unsigned or | RMI, MMM only a selected row (line) and/or
16-bit signed | Cams column sub-frame is read back.
integer ICER is also capable of
subframing.
The bit scaling rules described
for the Full Frame case above
also apply here.
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Type Product Size Format Instruments Description
Identifier (bits)
Downsampled 8-bit Eng. Cams, Images are converted to smaller
Variable size (usually unsigned or | MMM Cams images via a) nearest neighbor
1/4 size of Full 16-bit signed pixel averaging, b) pixel
Frame) integer averaging with outlier rejection,
or ¢) computing the median
pixel value.
The bit scaling rules described
for the Full Frame case above
also apply here.
Thumbnail 8-bit Eng. Cams, This data product is a spatially
. 64 lines x 64 unsigned or | RMI, MMM sized down version of an
samples for Eng. 16-bit signed | Cams existing Full Frame, so is less
Cameras, nominally integer than full size and less than full
. 64 lines x 64 resolution.
samples for RMI, The bit scaling rules described
nominally for the Full Frame case above
* Variable size for also apply here.
MMM Cameras
MMM-specific EJP JPEG 8-bit MMM Contains JPEG-compressed
Image Variable size unsigned Cameras data as originally downlinked. It
may be a color or grayscale
(single band) JPEG.
EZS Z-stack 8-bit MMM A best-focus Z-stack image,
Variable size unsigned | Cameras from a combination of images at
different focus settings, with a
much greater depth of field.
Typically MAHLI data. It may be
color or a single band.
EDM Depth Map 8-bit MMM Part of MMM Z-stack
Variable size unsigned | Cameras processing. This single-band
image indicates which image
the best-focus data came from.
DN of 0 indicates first image in
the Z-stack, 255 is the last, with
linear scaling between.
EVD Video 8-bit MMM Identical in format to the
Variable size unsigned | Cameras Standard image EDR. It
represents a single frame of a
video sequence.
Image Support ERS Row Summed 32-bit Eng. Cams Array of 32-bit integers whose
N lines x 1 sample unsigned length is equal to image height,
wherein the DN value for the Jth
element equals the sum of all
pixels in the Jth row.
ECS Column Summed 32-bit Eng. Cams Array of 32-bit integers whose
1 line x N samples unsigned length is equal to image width,
wherein the DN value for the Jth
element equals the sum of all
pixels in the Jth column.
ERP Reference Pixel 16-bit Eng. Cams, Dark pixels bookending (pre-
« 1024 lines x 32 unsigned RMI and post-) image pixels during

(16 “pre”, 16 “post”)
samples for Eng.
Cameras

* 1024 lines x 16
“pre” samples, plus

serial register readout. There
are “pre-" Reference and “post-”
Reference pixels, and in the
case of Eng. Cameras, an
additional 1 for the camera
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Type

Product
Identifier

Size

Format
(bits)

Instruments

Description

12 “pre” lines and
“post” lines, for
RMI

hardware serial number (left-
shifted by 4 bits if 12-bit data).

EHG

Histogram

* 1 line x 4096
samples

* 1line x 256
samples

32-bit
unsigned

Eng. Cams

DN histogram computed from
image can have either 256 or
4096 bins, each capable of
holding count values of up to
4,194,304.

EID

IDPH-only
1 line x 1 sample

8-bit
unsigned or
16-bit signed
integer

Eng. Cams

IDPH (Image Data Product
Header) only, with no image
data. The data is formatted as a
1x1 image with a 0 pixel value.
This product is generated when
the cameras are commanded to
acquire a picture (for example,
to pre-point the RSM), but no
image data are requested from
the camera. These types of
products are intended to serve
as metadata only and are
typically used to identify RSM
pre-point activities.

Spectroscopy

EDR

variable

16-bit or
32-bit
unsigned

LIBS

Array of spectrum intensity
values stored in 16-bit or 32-bit
data ranges, depending on
commanded mode of
ChemCam LIBS spectrometers.

State-of-Health

EDR

variable

16-bit
unsigned

RMI, LIBS

Binary metadata fields stored in
16-bit integer. For ChemCam
Body Unit, vector of 9 entities.
For ChemCam Mast Unit, vector
of 39 entities.

Navigation
Map

NGD

n/a

n/a

Eng. Cameras

Nav Map Goodness — measure
of how safe rover would be,
centered at each cell

NCE

n/a

n/a

Eng. Cameras

Nav Map Certainty — measure of
how certain the Goodness map
values are

NID

n/a

n/a

Eng. Cameras

Nav Map Idles — number of
steps since a cell was updated

NMN

n/a

n/a

Eng. Cameras

Nav Map Minimum Count —
measure of how often this cell
was Minimum elevation

NMX

n/a

n/a

Eng. Cameras

Nav Map Maximum Count —
measure of how often this cell
was Maximum elevation

NEL

n/a

n/a

Eng. Cameras

Nav Map Elevation — cell
elevation

NNX

n/a

n/a

Eng. Cameras

Nav Map Normal X — X
component of surface normal at
cell

NNY

n/a

n/a

Eng. Cameras

Nav Map Normal Y - Y
component of surface normal at
cell

NNZ

n/a

n/a

Eng. Cameras

Nav Map Normal Z - Z
component of surface normal at
cell
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Type Product Size Format Instruments Description
Identifier (bits)
NTL n/a n/a Eng Cameras Nav Map Tilt — tilt at this cell
NRS n/a n/a Eng. Cameras | Nav Map Residual - plane fit
residual centered at this cell
NOF n/a n/a Eng. Cameras | Nav Map Offset — plane
equation term
NMO n/a n/a Eng. Cameras | Nav Map Moments — First,
Second order moments of
stereo points in this cell
NFP n/a n/a Eng. Cameras | Nav Map Footprint — moment
footprint
NRK n/a n/a Eng. Cameras | Nav Map Rock — find a Rock
map
NMC n/a n/a Eng Cameras Nav Map Minimum Cells — to be
determined
NFV n/a n/a Eng. Cameras | Nav Map FOV - fo be
determined
NFE n/a n/a Eng. Cameras | Nav Map FOV Edge - to be
determined
NPI n/a n/a Eng. Cameras | Nav Map Path Information —
binary path evaluations
NLY n/a n/a Eng. Cameras | Nav Map Layer Certainty —
certainty of Layer data
NED n/a n/a Eng. Cameras | Nav Map Elevation Difference —
elevation difference
NLO n/a n/a Eng. Cameras | Nav Map Layer 0 — Layer 0
goodness map
NL1 n/a n/a Eng. Cameras | Nav Map Layer 1 — Layer 1
goodness map
NL2 n/a n/a Eng. Cameras | Nav Map Layer 2 — Layer 2
goodness map
NL3 n/a n/a Eng. Cameras | Nav Map Layer 3 — Layer 3
goodness map
NL4 n/a n/a Eng. Cameras | Nav Map Layer 4 — Layer 4
goodness map
NL5 n/a n/a Eng. Cameras | Nav Map Layer 5 — Layer 5
goodness map
NL6 n/a n/a Eng. Cameras | Nav Map Layer 6 — Layer 6
goodness map
NL7 n/a n/a Eng. Cameras | Nav Map Layer 7 — Layer 7
goodness map
NL8 n/a n/a Eng. Cameras | Nav Map Layer 8 — Layer 8
goodness map
NL9 n/a n/a Eng. Cameras | Nav Map Layer 9 — Layer 9
goodness map
NLA n/a n/a Eng. Cameras | Nav Map Layer 10 — Layer 10
goodness map
NLB n/a n/a Eng. Cameras | Nav Map Layer 11 — Layer 11
goodness map
NLC n/a n/a Eng. Cameras | Nav Map Layer 12 — Layer 12
goodness map
NLD n/a n/a Eng. Cameras | Nav Map Layer 13 — Layer 13
goodness map
NLE n/a n/a Eng. Cameras | Nav Map Layer 14 — Layer 14
goodness map
NLF n/a n/a Eng. Cameras | Nav Map Layer 15 — Layer 15

goodness map
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Type

Product
Identifier

Size

Format
(bits)

Instruments

Description

NTO

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 0 — temporary storage for
Layer 0 goodness map

NT1

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 1 — temporary storage for
Layer 1 goodness map

NT2

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 2 — temporary storage for
Layer 2 goodness map

NT3

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 3 — temporary storage for
Layer 3 goodness map

NT4

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 4 — temporary storage for
Layer 4 goodness map

NTS

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 5 — temporary storage for
Layer 5 goodness map

NT6

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 6 — temporary storage for
Layer 6 goodness map

NT7

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 7 — temporary storage for
Layer 7 goodness map

NT8

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 8 — temporary storage for
Layer 8 goodness map

NT9

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 9 — temporary storage for
Layer 9 goodness map

NTA

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 10 — temporary storage
for Layer 10 goodness map

NTB

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 11 — temporary storage
for Layer 11 goodness map

NTC

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 12 — temporary storage
for Layer 12 goodness map

NTD

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 13 — temporary storage
for Layer 13 goodness map

NTE

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 14 — temporary storage
for Layer 14 goodness map

NTF

n/a

n/a

Eng.

Cameras

Nav Map Temporary Storage
Layer 15 — temporary storage
for Layer 15 goodness map

NWR

n/a

n/a

Eng.

Cameras

Nav Map Wraparound — to be
determined

NSF

n/a

n/a

Eng.

Cameras

Nav Map Stereo Filters — pixel-
by-pixel labeling of stereo filter
that rejected pixel value

NSD

n/a

n/a

Eng.

Cameras

Nav Map Stereo Disparity — left
disparity image

NLR

n/a

n/a

Eng.

Cameras

Nav Map Left Rectified — left
rectified image
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Type Product Size Format Instruments Description
Identifier (bits)

NRR n/a n/a Eng Cameras Nav Map nght Rectified — rlght
rectified image

N2F n/a n/a Eng. Cameras | Nav Map Second Stereo Filters
— to be determined

N2D n/a n/a Eng. Cameras | Nav Map Second Stereo
Disparity — to be determined

N2L n/a n/a Eng Cameras Nav Map Second Left Rectified
— to be determined

N2R n/a n/a Eng. Cameras | Nav Map Second Right
Rectified — to be determined

NVF n/a n/a Eng Cameras Nav Map VO Features — visual
odometry feature list

NMS n/a n/a Eng. Cameras | Nav Map Memory Manager
Status — ASCII dump of NAV
memory allocation

NDC n/a n/a Eng. Cameras | Nav Map D-star Cost — D-star
cost map

NPC n/a n/a Eng. Cameras | Nav Map D-star Planning Cost —
to be determined

NDR n/a n/a Eng. Cameras | Nav Map D-star Layer Cost — to
be determined

NDF n/a n/a Eng Cameras Nav Map D-star Field — D-star
field map

NDL n/a n/a Eng. Cameras | Nav Map D-star Look Ahead —
D-star Lookahead buffer

NKO n/a n/a Eng. Cameras | Nav Map Keepout — keepout
zones

NKS n/a n/a Eng. Cameras | Nav Map Keepout Site — to be
determined

NKP n/a n/a Eng. Cameras | Nav Map Keepout Path Site — to
be determined

NMI n/a n/a Eng. Cameras | Nav Map IDPH — to be
determined

NSG n/a n/a Eng. Cameras | Nav Map Step Goodness — to
be determined

NTG n/a n/a Eng Cameras Nav Map Tilt Goodness — to be
determined

NRG n/a n/a Eng. Cameras | Nav Map Roughness Goodness
— to be determined

NGK n/a n/a Eng. Cameras | Nav Map Good Keep — to be
determined

NSP n/a n/a Eng Cameras Nav Map Stereo Points — to be
determined

NNE n/a n/a Eng. Cameras | Nav Map Num Entries — fo be

determined

4.3.1 Engineering Camera Instrument Suite

The binary content of the Engineering Camera image EDR data product is a copy of the scene that
had been projected onto the camera instrument’s charge-coupled device (CCD) and shifted into the
CCD memory buffer, as shown in Figure 2.1 previously. The image data will be decoded and
decompressed in single frame form as the image EDR. The Full Frame form of a standard image
EDR has the maximum dimensions of 1024 lines by 1024 samples.
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For the Engineering Camera image EDR, there are two possible radiometric formats of telemetered
image data. In the first case, 12-bit data scaled onboard to 8-bit via a “12 to 8-bit” Lookup Table
(LUT) or, by bit shifting, will be downlinked as 8-bit data and stored “as is” on the ground in a single
unsigned byte. In the second case, 12-bit data without onboard LUT scaling or bit shifting will be
downlinked as 12-bit data and stored “as is” in the 12 lowest bits of the signed 16-bit integer. The
binary data may be returned in uncompressed or compressed form. Data returned as compressed
are ICER [Ref 31] or LOCO encoded and will be decompressed as part of the EDR processing.

4.3.2 ChemCam Instrument Suite

4.3.2.1 RMIImage EDR

The binary content of the RMI image EDR product is a copy of the scene that had been projected
onto the camera instrument’s CCD onboard and read out from the CCD memory buffer, as shown in
Figure 2.2.1.1 previously. The Full Frame form of a standard image EDR has the maximum
dimensions of 1024 lines by 1024 samples. The image data, telemetered down at 10 bits/pixel, will
be decoded in single frame form and stored in the 10 lowest bits of a signed 16-bit integer as the
image EDR. Like the Engineering Camera instruments, data returned as compressed are ICER or
LOCO encoded and will be decompressed as part of the EDR processing.

4.3.2.2 LIBS Spectrum EDR

The binary content of the LIBS spectrum EDR is comprised of intensity values, or data numbers
(DNs). Depending on which of the three variants of spectroscopy activity were commanded, the
values fall somewhere within the stored 16-bit or 32-bit data range. Unlike the RMI image data, LIBS
spectrum data are only returned as uncompressed.

4.3.2.3 State-of-Health (SOH) EDR

The binary content of the SOH EDR is comprised of metadata DPOs only. For the ChemCam Body
Unit, the metadata are stored as a vector of 9 entities in 16-bit unsigned integer format. For the
ChemCam Mast Unit, the metadata are stored as a vector of 39 entities in 16-bit unsigned integer
format.

4.3.3 MMM Camera Instrument Suite

The data from the MMM camera suite can come down in one of four different ways: color or grayscale
JPEG, losslessly-compressed, or uncompressed. These methods apply across all of the image EDR
types (standard image, Z-stack, depth map, video frame) and geometry types (full-frame, subframe,
thumbnail).

4.3.3.1 Bayer Pattern

The MMM cameras create images of 1648x1200 pixels. Each pixel on the CCD has an individual red
(R), green (G), or blue (B) filter arranged in a Bayer pattern, which consists of repeated squares of
pixels:

(R,G)
(G,B)

This allows an RGB color picture to be taken in a single exposure. Additional geology filters are
available, which interact with the Bayer filters in complex ways. See Section 2.3 for an overview or
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the MMM camera documentation for details.

Of the 1648 pixels per line, only 1608 are photoactive pixels. The line structure is shown in Figure
4.3.3.1 below, and is broken down into the following:

* 2 dark pixels from the end of the previous line (“P” in Figure 4.3.3.1)

* 1invalid ADC pipeline pixel from the interline time (“A” in Figure 4.3.3.1)
* 4 isolation pixels (“I” in Figure 4.3.3.1)

* 16 dark pixels (“D” in Figure 4.3.3.1)

* 1608 photoactive RGB pixels (“R”, “G”, “B” in Figure 4.3.3.1)

* 17 dark, isolation, and overscan pixels (“X” in Figure 4.3.3.1)

/ COLUMNS

/

00000O00O0OOOOOOOOOOOOOOOOOOOOOOOO 1111111 111111111111
OOOOO00000000000000000000000000... 6666666666666666666
0000000000111111111122222222223 2333333333344444444

0123456789012345678901234567890 9012345678901234567

w0 PPAITIIIDDDDDDDDDDDDDDDDGRGRGRGR ¢+ ¢ GRXXXXXXXXXXXXXXXXX
%1 PPAIIIIDDDDDDDDDDDDDDDDBGBGBGBG *+* BGXXXXXXXXXXXXXXXXX
X2 PPAIIIIDDDDDDDDDDDDDDDDGRGRGRGR *** GRXXXXXXXXXXXXXXXXX

\_ : Y,

Figure 4.3.3.1 - MMM Camera RGB in Bayer Pattern Layout on CCD

Because there are an odd number of starting dark pixels, the first valid pixel (23) on even lines will be
G (GRGRGR...) while on odd lines it will be B (BGBGBG...).

4.4 EDR Product Structure

As in the previous section “EDR Product Format”, description of EDR product structures in this
section will be by instrument suite: a) Engineering Cameras, b) ChemCam Instruments, ¢c) MMM
Instruments.

This section details the specifics of a variety of EDR structures, taking into account the concept of
product labels and the product’s binary content described previously in Sections 3.2 and 3.3,
respectively.

Figure 4.4 shows EDR products in this SIS with four possible structures: 1) an image EDR that has a
VICAR label wrapped by an ODL label, Diagram A, 2) an image EDR identical in structure to #1 but
with additional “auxiliary” data (discussed in Section 4.4.2), shown in Diagram B, 3) a spectrum EDR
that has an ODL label followed by “auxiliary” data, shown in Diagram C, and 4) a state-of-health EDR
that has only an ODL label, shown in Diagram D. All are shown with detached ASCIlI PDS-compliant
labels for archive purposes.
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For a description of the PDS and ODL labels, see Section 3.2.2, and for a description of the VICAR

Label, see Section 3.2.3, and for a mapping between PDS/ODL and VICAR, see Section 3.2.4.

;’

;’

ODL Label (ASCII)

Detached
ODL Label (ASCII) PDS Archive
Detached . . label (ASCII)
VICAR Label (ASCII) PDS Archive Auxillary data blocks (binary)
label (ASCII)

(1,1

Camera Instrument Binary Data

(n,m)

A. Dual-labeled Image EDR

;’

ODL Label (ASCII)

(1,1

Camera Instrument Binary Data

(n,m)

B. Dual-labeled Image EDR
with Auxillary Data

;’

Detached
Auxillary data blocks (binary) PDS Archive ODL Label (ASCII) Detached
label (ASCII) PDS Archive
label (ASCII)

Instrument Binary Data A
B. ODL labeled EDR (o]
with Auxillary Data B

Figure 4.4 - EDR Product Structures
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4.4.1 Engineering Camera Instrument Suite

All image EDRs for the Engineering Camera instrument suite have the same structure, containing the
four attributes shown in Diagram A of Figure 4.4. They are listed below. The first three attributes
comprise the image file and consist of an integral number of “records”, where the record size is the
size needed to contain one line of image data. The fourth attribute is an external (detached) label file
for archive purposes:
1) An operations label in ODL (ASCII) format
2) An operations label in VICAR (ASCII) format
3) An n x m block of binary image data with the origin at the upper left pixel in line (row) 1,
sample (column) 1. Note that some camera EDR products will be rotated so that the origin
(1,1) is not the same as the CCD origin.
4) A detached PDS-compliant label, in a separate file. Its availability to users will not coincide
with the delivery of the EDR to the ODS file system; it will be delivered later with the release of
the Archive Volume by PDS.

44.2 ChemCam Instrument Suite

The RMI image EDR, LIBS spectrum EDR and state-of-health (SOH) EDR are common in one
aspect: they each include “auxiliary” data that augments the binary instrument data and other
metadata parts of the EDR. Here, the term “auxiliary” refers to a set of one or more binary Data
Product Objects (DPOs) that are the components of the binary “.dat” file generated by MPCS (refer to
Section 4.1). They contain instrument data (image or spectrum information) and/or metadata
(commands, temperature readouts, etc). Within the ChemCam EDR, these DPOs are stored in the
“binary header” section of the file in the format provided by the spacecraft, following all labels but
preceding the binary instrument content. The size and number of DPOs in any ChemCam EDR can
vary, depending on the commanding of onboard data acquisition for that EDR. Each DPO starts on a
record boundary and is padded to the record length if necessary. At minimum, all ChemCam EDRs
contain the DPO type “Ancillary” and multiple instances of the DPO type “State-of-Health” (SOH),
which also provide sources for some of the product label metadata items. Refer to Section 3.2.2.7 for
a description of the label pointers that provide the necessary offsets to parse the DPOs in the EDR.

Because RMI image EDRs are VICAR formatted files, they differ in the way they get constructed in
comparison to LIBS and SOH EDRs. So it follows that their respective labels, necessary in
describing the embedded DPOs, are constructed differently. In building the RMI image EDR,
program MSLEDRGEN reads the RMI “.emd” metadata file to identify each DPO that will be extracted
from the RMI “.dat” file. Each DPO is padded to the width of the VICAR image during its insertion into
the EDR as a separate binary line before the image. To accommodate the VICAR file format, the
RMI label is minimal in content descriptive of the DPOs. In lieu of containing the detailed DPO
describing objects, the RMI EDR label contains pointers that reference external “.FMT” files
containing such objects. This differs from the LIBS and SOH EDR labels, which generally contain the
detailed DPO describing objects in the body of the label. As an example, the DPO type “SOH”
embedded in the RMI EDR requires three descriptive objects to appropriately define it. In the LIBS
EDR, those three objects are contained in the EDR label. However, the RMI EDR label has a pointer
to an external “.FMT” file that contains the three SOH DPO describing objects.

44.21 RMI Image EDR

The image EDR structure for the RMI camera consists of five parts. The first four of these are part of
the image file itself; the fifth is a detached PDS label. Each of the four parts of the image file consist
of an integral number of “records”, where the record size is the size needed to contain one line of
image data.
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So structurally, the EDR matches Diagram B in Figure 4.4 with the following design:

1) An operations label in ODL (ASCII) format

2) An operations label in VICAR (ASCII) format

3) Zero or more records of binary header data, which contain auxiliary information in the form of
DPOs previously described in Section 4.4.2.

4) An n x m block of binary image data with the origin at the upper left pixel in line (row) 1,
sample (column) 1. Note that some camera EDR products will be rotated so that the origin
(1,1) is not the same as the CCD origin.

5) A detached PDS-compliant label, in a separate file. Its availability to users will not coincide
with the delivery of the EDR to the ODS file system; it will be delivered later with the release of
the Archive Volume by PDS.

44.2.2 LIBS Spectrum EDR

The spectrum EDR structure for the LIBS instrument is similar to the RMI image EDR structure,
minus the VICAR label. So, the EDR consists of four parts. The first three of these are part of the
spectrum (one or more spectra) file itself; the fourth is a detached PDS label. Each of the three parts
of the spectrum file consist of an integral number of “records”, where the record size is the size
needed to contain one spectrum.

Therefore, the EDR matches Diagram C in Figure 4.4 with the following design:

1) An operations label in ODL (ASCII) format

2) Zero or more records of binary header data, which contain auxiliary information in the form of
DPOs previously described in Section 4.4.2.

3) A bit stream of binary spectra data.

4) A detached PDS-compliant label, in a separate file. Its availability to users will not coincide
with the delivery of the EDR to the ODS file system; it will be delivered later with the release of
the Archive Volume by PDS.

44.2.3 State-of-Health (SOH) EDR
The SOH EDR structure for the ChemCam instrument suite contains only binary auxiliary data,
containing no instrument or binary header data.

So, the EDR consists of three parts and matches Diagram D in Figure 4.4 with the following design:
1) An operations label in ODL (ASCII) format
2) Zero or more records of binary auxiliary information in the form of DPOs previously described
in Section 4.4.2.
3) A detached PDS-compliant label, in a separate file. Its availability to users will not coincide
with the delivery of the EDR to the ODS file system; it will be delivered later with the release of
the Archive Volume by PDS.

44.3 MMM Camera Suite

The EDR structure for the suite of MMM Cameras is the same as that described for the Engineering
Cameras in Section 4.4.1.

Specifically, the MMM Camera image EDR matches Diagram A in Figure 4.4 with the following
design:
1) An operations label in ODL (ASCII) format
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2) An operations label in VICAR (ASCII) format

3) An n x m block of binary image data with the origin at the upper left pixel in line (row) 1,
sample (column) 1. Note that some camera EDR products will be rotated so that the origin
(1,1) is not the same as the CCD origin.

4.5 EDR Product Validation

Validation of the MSL EDRs will fall into two primary categories: automated and manual. Automated
validation will be performed on every EDR product produced for the mission. Manual validation will
only be performed on a subset.

Automated validation will be performed as a part of the archiving process and will be done
simultaneously with the archive volume validation. Validation operations performed will include such
things as verification that the checksum in the label matches a calculated checksum for the data
product (i.e., that the data product included in the archive is identical to that produced by the real-time
process), a validation of the PDS syntax of the label, a check of the label values against the database
and against the index tables included on the archive volume, and checks for internal consistency of
the label items. The latter include such things as verifying that the product creation date is later than
the earth received time, and comparing the geometry pointing information with the specified target.
As problems are discovered and/or new possibilities identified for automated verification, they will be
added to the validation procedure.

Manual validation of the images will be performed both as spot-checking of data through-out the life
of the mission, and comprehensive validation of a sub-set of the data (for example, a couple of days'
worth of data). These products will be viewed by a human being. Validation in this case will include
inspection of the image or other data object for errors (like missing lines) not specified in the label
parameters, verification that the target shown / apparent geometry matches that specified in the
labels, verification that the product is viewable using the specified software tools, and a general check
for any problems that might not have been anticipated in the automated validation procedure.

5. RDR PRODUCT SPECIFICATION

RDR data products described in this document will be generated by MIPL personnel using the Mars
Suite of VICAR image processing software within OPGS at JPL and the ChemCam Science Team
using team-developed software at Los Alamos National Laboratory (LANL) in New Mexico, Institut de
Recherche en Astrophysique et Planétologie (IRAP) and Centre National d'Etudes spatiales (CNES)
in France. The RDRs produced will be “processed” data. The input will be one or more image or
spectrum EDR or RDR data products and the output will be formatted according to this SIS.
Additional metadata may be added by the software to the product label.

There may be multiple versions of image and spectrum RDRs. The RDR data product will be placed
into FEI for distribution.
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5.1 RDR General Processing

Processing is different for each image RDR type, as described in this section. In general, each RDR
process inherits the metadata from its source EDR/RDR, modifying a portion of the metadata as
necessary to reflect the subsequent output RDR.

5.1.1 Image RDRs

Image RDR data products described in this section will be generated by the EDR/RDR data product
pipeline operating under the OPGS at JPL. Pipeline processing will include

For Engineering Camera and MMM camera data, and to a lesser degree ChemCam RMI data, RDRs
will be processed using the Mars Suite subset of the VICAR image processing software developed at
MIPL. The various image RDR interfaces in the VICAR processing flow are shown in Figure 5.1.1,
and their descriptions are described subsequently in Section 5.2.
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Figure 5.1.1 - Image RDR Processing Flow
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5.1.1.1 Common Processing

Although the various Engineering Camera and MMM camera RDR product types are specific in
nature, certain types of processing are often common to different RDR base files. These are
described below.

5.1.1.1.1 Geometrically Corrected Images (Linearization)

EDRs and single-frame RDRs are described by a camera model. This model, represented by a set of
vectors and numbers, permit a point in space to be traced into the image plane, and vice-versa.
Linearization mode is indicated by the “geom” flag in the filename.

EDR camera models are derived by acquiring images of calibration targets with known geometry at a
fixed azimuth/elevation. The vectors representing the model are derived from analysis of this
imagery. These vectors are then translated and rotated based on the actual pointing of the camera to
represent the conditions of each specific image. The resulting vectors make up the "camera model"
for the EDR.

The Navcam, ChemCam, and MMM cameras use a CAHVOR model, while the Hazcams use a more
general CAHVORE model. Both model types are nonlinear and involve some complex calculations to
transform line/sample points in the image plane to XYZ positions in the scene. To simplify this, the
images are "warped", or reprojected, in a process often called “linearization”, such that they can be
described by a linear CAHV model. See Figure 5.1.1.1.1 for a visual comparison between a Front
Hazcam image EDR (left) and the Front Hazcam “linearized” image RDR (right).

{0

Figure 5.1.1.1.1 - Image EDR (left) vs “Linearized” Image RDR (right)
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This linearization process has several benefits:

1) It removes geometric distortions inherent in the camera instruments, with the result that
straight lines in the scene are straight in the image.

2) It aligns the images for stereo viewing, known as epipolar alignment. Matching points are on
the same image line in both left and right images, and both left and right models point in the
same direction.

3) It facilitates correlation, allowing the use of 1-D correlators in some cases.

4) It simplifies the math involved in using the camera model.

However, it also introduces some artifacts in terms of scale change and/or omitted data (see the
references).

The linearized CAHV camera model is derived from the EDR’s camera model by considering both the
left and right eye models and constructing a pair of matched linear CAHV models that conform to the
above criteria. For details on this algorithm see the references.

There are two types of linearization, indicated in the filename. For the nominal case, each image is
linearized using a virtual camera model constructed to indicate what the other eye’s model would look
like at the same pointing. This allows each image to be processed independently, without the need to
find the stereo partner (or even acquire the image), yet provides the same results as if the match had
been performed.

However, this virtual partner is not always appropriate. In some cases the stereo pair is composed of
images acquired at different pointings (often needed for very close-range mast work in order to
achieve sufficient overlap), different positions (for an arm-based camera such as MAHLI), different
rover locations (long-baseline stereo, used to resolve distances far greater than a normal stereo pair
can do), different conditions (such as different focus or zoom on the Mastcam), or even different
instruments. These cases require linearizing with the actual stereo partner.

Regardless of linearization type, the image is then projected, or warped, from the
CAHVOR/CAHVORE model to the CAHV model. This involves projecting each pixel through the
EDR camera model into space, intersecting it with a surface (which matters only for the CAHVORE-
based Hazcams and is a 1m radius sphere centered on the camera), and projecting the pixel back
through the CAHV model into the output image.

C - The 3D position of the entrance pupil

A - A unit vector normal to the image plane pointing outward (towards C)

H - A vector pointing roughly rightward in the image; it is a composite of the orientation of the CCD
rows, the horizontal scale, the horizontal center

V - A vector pointing roughtly downward in the image; it is a composite of the orientation of the
CCD columns, the vertical scale, the vertical center, and A.

If P is a point in the scene then the corresponding image locations x and y can be computed from:

_(P-OH
T e-0a
_(P-0O)V
Y=(®P-0)A
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For details on the camera model math and calibration and more description of the CAHV-model
family, see references [Ref 18] through [Ref 27]. Note that the X and Y positions above are 0-based
coordinates; i.e., the coordinate (0,0) is the center of the upper-left pixel. This is different than the
common PDS convention of 1-based coordinates, where (1,1) is the center of the upper-left pixel,
used elsewhere in this document.

5.1.1.1.2 Image Overlays

Many image RDR types represent some quantity other than intensity of light, such as XYZ or slope.
The value at each pixel indicates the measurement of the quantity at the corresponding point in the
original image. These types can be overlaid on a background of the EDR or other intensity image,
using color coding to represent the RDR value. See Figures 5.2.1.4 (XYZ overlay), 5.2.1.5 (Range
overlay) and 5.2.1.9.1 (Arm Reachability overlay) for examples. This gives a visualization of the RDR
in context of the scene. Overlays are generally indicated by a product type ending with “O” in the
filename.

5.1.1.1.3 Filled Images

Many RDR types do not achieve full coverage, e.g. the correlator is unable to find a solution at every
point or the XYZ point failed the various filters. These “holes” are preserved in the RDRs using some
value to indicate no solution (see the MISSING_CONSTANT labels). For ops work, it is critical to
know where the holes are, so they are preserved in all nominal RDRs. Some RDRs created for
purposes other than operations have these holes filled in using an interpolation mechanism. These
are referred to as “filled” RDRs. Filled RDRs are generally indicated by a product type ending with “F”
in the filename (but not all trailing “F’s mean Filled).

5.1.1.1.4 Color Processed Images

The MMM cameras routinely produce color images via their Bayer-pattern CCD's. The de-Bayering is
typically done onboard but can also be done on the ground if not. In any case, RDRs that contain
image data, such as ILT, RAD, RAS, etc., are produced by pulling the three bands apart into separate
files, processing each independently, and then combining them into color again. Both the color image
and one or more of the individual bands are kept as end products, as specified in the Config flag (3rd
character) in the filename.

RDRs related to image geometry (e.g. disparity, XYZ, all downstream products) are created using
only the Green band extracted from the color image. The Green band is used because there are two
green pixels per Bayer cell, as opposed to one for red and blue, leading to a higher resolution image.

Note that not all MMM images are color; in particular some of the geology filters for the Mastcam
produce single-band images, which are processed like any other single-band image.

5.1.1.1.5 Rover Volume Exclusion Image Masks

For the purposes of Terrain Mesh RDR generation, OPGS will create “Rover Volume Exclusion Mask”
files that can be applied to several types of RDR (primarily XYZ). They are used to filter out rover
features from generated terrain products, as well as the horizon and other undesirable features. They
are single-band, byte files corresponding to the source image, where 255 indicates the corresponding
pixel should be removed, or 0 indicates the pixel should remain in the output. These mask files
typically have an “M” as the first character of the product type.
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5.1.1.1.6 Masked Images

The exclusion masks, or other masks, can be combined with the RDR to create a Masked image.
The contents are identical to the source RDR (most often, XYZ) except that where the mask is 255,
the value is set to the value specified by MISSING_CONSTANT. Masked files typically have an “M”
as the third character of the product type (exception: masked ARM is called ARK).

5.1.1.1.7 EDR-like RDRs

The LIN and BAY RDRs are exactly like EDRs except they have had linearization or de-Bayer
processing done to them. This processing can be done to any image and does not change the
product type code; the config, geom, and/or samp fields change instead. The LIN and BAY product
type codes exist simply to ensure that the “EDR” product type code is not used for any RDRs.

5.1.2 Spectroscopy RDRs

Spectroscopy data products derived from the ChemCam LIBS spectrum EDR will be RDRs generated
by software tools used and developed by ChemCam instrument team members at LANL. To
generate a LIBS spectroscopy RDR product, the spectral data are extracted from the binary EDR file
and converted to an ASCII format. Multivariate analyses is performed on the spectral data, and
elemental abundances are reported using partial least squares regression (PLS).

/

Spectrum EDR ASCI!
conversion

~

LIBS RDR
Level 1a (csv)
“RDR”

LIBS RDR
Level 1b (csv)
“CCS”

LIBS RDR
(PLS type)
“MOC”

PLS elem.
comp. predict

Figure 5.1.2 - Spectroscopy (LIBS) RDR Processing Flow

5.2 RDR Product Types

Descriptions for the various RDR product types are provided in this section. Refer also to Tables
5.4.1 and 5.4.2 for a concise list of the RDR product types.
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5.2.1 Image RDRs

5.21.1 “Inverse LUT” RDR

The ILT RDR is produced by OPGS to reconstruct the original 12-bit pixels generated by the camera
sensors. If the EDR is already in 12-bit format, ILT is simply a copy. However, if the EDR is in “8-bit”
format (see Section 4.4) as a result of onboard “12 to 8-bit” scaling using a Lookup Table (LUT) or bit
shifting, then an Inverse LUT (ILUT) is to be used to rescale the 8 lowest bits to the 12 lowest bits in
the 16-bit signed integer.

The ILC type has had additional processing to remove certain instrument artifacts. At launch for
MSL, this type is not used. However, operational experience with MER shows that over time,
cameras degrade, with noise appearing due to radiation exposure and other effects. ILC is thus a
placeholder for processing such as despiking, which removes this kind of noise, or interpolation of
dead pixels.

The ILP type represents an ILT or ILC that has been pointing-corrected (see the Mosaic section) or
re-localized based on ground analysis. It is expected that a special processing flag will be set for any
products employing this type.

5.2.1.2 “Radiometrically Corrected” RDR

There are 3 different kinds of radiometrically corrected products. “RA*” have been corrected to
absolute radiance units of W/m”2/nm/steradian. “RI*” products have been corrected for instrument
effects only, and are in units of DN “IO*” products are radiance factor (I/F) and are dimensionless.
Within each kind, the values may be represented as floating-point values, or scaled to integers for
ease of manipulaton.

Independent of type, there are multiple methods of performing radiometric correction, distinguished
by the RADIOMETRIC_CORRECTION_TYPE keyword. The two described here are CHEMRAD and
MIPLRAD.

5.2.1.2.1 CHEMRAD Method

This refers to partial radiometric correction of ChemCam RMI image data performed using an image
processing toolkit developed in IDL by ChemCam Science Team members at IRAP and CNES in
France. It is deemed “partial” in the sense that the raw image data are not calibrated to physical
radiance units. Although the calibration portion of radiometric correction is not performed for the input
EDR, other corrections are applied. These corrections are a function of the image geometry,
exposure time (milliseconds), sensor temperature (deg Celsius), and target distance (meters). The
latter three are extractable from the SOH portion of the EDR file.

The main IDL procedure is RMI_PROCESSING.pro, which can apply successive corrections to RMI

EDR image defects by incorporating, in a specific order, several lookup tables (LUTs) constructed
during ground calibrations. The processing flow is shown in Figure 5.2.1.2.1.
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Figure 5.2.1.2.1 - Partial Radiometric Correction for ChemCam RMI

During the ground calibrations, several lookup tables were built with the constant values necessary to
compute the corrections; they are included with the RMI_PROCESSING.pro code. These lookup
tables will need to be revised with in-flight calibrations at a frequency to be defined.

The code applies corrective image processing steps in the reverse order of the apparition of the
defects in the image, since one effect can influence the subsequent ones. In order, the corrections
are as follows:
1. Subtract the estimated dark current image (temperature, time). This step incorporates a dark
current LUT.
2. lteratively (row by row) subtract the smearing drag (time) due to the CCD.
3. lIteratively (row by row) subtract the ghost image that is linked to the LIBS telescope and
optics.
4. Divide by the estimated flat field that is linked to the LIBS telescope and optics. This step
incorporates a flat field LUT.
5. Correct for known bad pixels by replacing them with median of neighboring pixels. This step
incorporates a pixel LUT.
6. Apply a mask corresponding to the footprint of the telescope on the useful part of the CCD
detector.
7. Enhance the contrast of the corrected image using histogram equalization.

The resulting RDR product is only partially radiometrically corrected and is not calibrated into physical
radiance units. Note that the default flat field LUT is derived from a sky observation on Sol 32. Data
acquired previous to Sol 32 were reprocessed using the Sol 32 flat field LUT.

Effects not accounted for in the correction process include:

a) Non-linearity - Each pixel of the CCD is a potential well, in which electrons are trapped. The
number of trapped electrons is an affine function of the lighting, but above a certain threshold
the linearity is broken (saturation). At room temperatures, at